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ABSTRACT

This dissertation focused on the investigation of the thermoelectric properties of PbTe
nanocomposites, presenting a series of experimental investigation and qualitative
theoretical analysis regarding utilizing the nanostructures to enhance the thermoelectrical
properties. Three innovative synthesis techniques, which are related to fabricating
nanocomposites, were developed. These three techniques are the size-selective growth of
PbTe nanoparticles by a convection CVD technique, the nanolayer coating technique by
hydrothermal method, and the alkali-metal-nano-surface-treatment. In the future, these
techniques can be applied to many other thermoelectric material systems.

We proposed to use the grain boundary engineering technique route in the thermoelectric
nanocomposite field and successfully applied this idea onto the PbTe nanocomposite
fabrication. After two years of searching and experimenting, finally we developed a way
to fabricate a stable and thermoelectrically favorable Te nanodot layer at the grain
boundary using Na-hydrothermal treatment. This Te nanodot layer effectively allows the
thermal conductivity to be appreciably lowered in the Pb0.75Sn0.25Te polycrystalline
system. In the meantime, the electrical properties are largely preserved. Consequently,
the thermoelectric figure of merit is considerably improved: ZT by ~ 40% and Z by ~
57%. The presence of this Te nano-sized granular surface and its effects on thermal
conductivity and electrical transport has given us an innovative new approach to
achieving higher ZT values in other given TE materials.
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CHAPTER ONE
Overview of Thermoelectric Phenomena and Various Approaches for the
Development of Thermoelectric Nanocomposites

Introduction of thermoelectric effects
Traditionally, thermoelectric phenomena comprise three effects: the Seebeck effect, the
Peltier effect, and the Thomson effect. These effects seem to be separated but actually are
strongly linked together. The Peltier and Seebeck effects, inverse processes of one
another, are the most basic and essential of the three for application purposes. Simply put,
thermoelectric effects are the direct conversion of thermal energy to electric energy and
vice versa via the intrinsic charge carriers of the materials. The charge carriers are the
"working substance" in the analogy of the traditional thermal engine system.

The Seebeck Effect
The Seebeck effect was discovered in 1821 by Thomas Johann Seebeck, who found that a
voltage drop, the thermoelectric EMF, was generated in the presence of a temperature
difference between two different conductors. If the two conductors form a complete loop,
a continuous current will flow in the conductors. Suppose that we have two dissimilar
materials A and B. We use A and B materials to form a differential thermocouple as
shown in Figure 1.1. If the two junctions are held at different temperatures, a voltage Vab
will be generated and it is proportional to the temperature gradient ∆T. The Seebeck
coefficient is defined by

1

α AB =

V AB
= α A − α B , (1.1)
∆T

Where α AB is the relative Seebeck coefficient, and α A and α B are the absolute Seebeck
coefficients for the individual conductors. The sign of the Seebeck coefficient usually
indicates the type of charge carriers, electrons or holes, present in the material. A positive
Seebeck coefficient indicates that the primary carriers are holes. On the contrary, a
negative Seebeck coefficient shows that electrons are the dominant carriers. However, the
Seebeck coefficient is not the only tool to determine the type of charge carriers. Usually,
a Hall effect measurement is more accurate in determining the sign of the dominate
charge carriers.

For semiconductors, the carrier concentration and kinetic energy are strongly dependent
on the temperature; at the hot side, more charge carriers are activated to the conducting
band and also the charge carriers have higher kinetic energy. Therefore, the unequal
distribution of the charge carrier concentration (dn/dx) and kinetic energy (dE/dx) lead to
the unidirectional flux of the charge carriers from the hot side to the cold side by the two
driving forces. The driving force due to dn/dx and dE/dx move the charge carriers from
the hot side to the cold side until an opposite electric field, built up by the excess
accumulating charge carriers on the cold side, equalizes the driving forces and reach
equilibrium. The larger opposite electric field corresponds to the higher Seebeck
coefficient. Typically, the thermal EMF for semiconductors could be several hundred
µV/K. However, for metals, the charge carrier concentration is typically constant across a
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broad temperature range and the kinetic energy of the highly degenerate carriers is
virtually independent of the temperature. Therefore, the two driving forces dn/dx and
dE/dx are much weaker in metals than in semiconductors. As a result, most metals have a
relatively low Seebeck coefficient, typically several µV/K [1].

The abovementioned discussion is only valid for a single band situation. Materials with
double bands usually are not thermoelectrically favorable due to the cancellation of the
Seebeck coefficient by the negative and positive charge carriers. The formula for the
Seebeck coefficient of double band materials is as follows,

α=

α hσ h + α eσ e
σh + σe

(1.2)

Where α is the effective Seebeck coefficient, α h and σh are the Seebeck coefficient and
the electrical conductivity respectively for holes, αe and σe are the Seebeck coefficient and
the electrical conductivity respectively for electrons. Clearly the thermal EMF could be
dramatically decreased and zeroed if there are two types of charge carriers present in the
material.

The Peltier Effect
In 1834, Jean Peltier discovered the Peltier effect identified as the reversible exchange of
heat from a junction of two dissimilar materials in the presence of a current passing
through the junction at a constant temperature. The Peltier coefficient, Π, is defined as

3

the ratio of the rate of heating or cooling to the electrical current passing through the
junction,

Π=

1 dQ
= αT ,
I dt

(1.3)

Π
.
T

(1.4)

α=
where

dQ
is the heat flow per unit time, and I is the electrical current. Depending on
dt

the direction of the current, heat can be absorbed or released at the junction of two
dissimilar conductors as shown in Figure 1.2. The Fermi energy of the two conductors
can be used to explain this phenomenon. In Figure 1.2, heat is released at the junction if
the Fermi energy of material A is larger than that of material B. On the contrary, if the
Fermi energy of material B is larger than that of material A, heat is absorbed. Essentially,
the Peltier effect is the result of the entropy change of the charge carriers crossing the
junction of two dissimilar conductors.

Thomson Effect
In 1851, Thomson (Lord Kelvin), one of the founders of thermodynamics, predicted the
cooling or heating of a homogeneous conductor resulting from the flow of an electrical
current in the presence of a temperature gradient, known as the Thomson effect, or
termed as "specific heat of electricity". And the Thomson coefficient, β , is defined as the
rate of heat transferred per unit of temperature gradient per unit of current. The rate of
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heat transferred, known as Thomson heat, Qβ , in a uniform conductor is proportional to
the electrical current given as:

dQβ =

(∫ βdT )Idt .

(1.4)

The Thomson effect led to a direct relationship between the Seebeck and Peltier
coefficients. The Thomson effect can be understood by a simple thermodynamic picture:
along the temperature gradient, the potential energy is decreasing; therefore, if the current
goes along the same direction as the temperature gradient, charge carriers will move from
the high potential level to the low potential level continuously, liberating the heat. If the
current goes along the opposite direction of the temperature gradient, heat will be
absorbed. Essentially, the Thomson effect is like the continuous Peltier effect.

The application of thermoelectric effects
The discovery of the Thermoelectric (TE) effects has led to the use in many niche
applications due to the salient advantages in cooling and power generation, even though
the efficiency (7~8%) is still very low. As compared to traditional cooling methods, the
advantages of thermoelectric cooling are: (1) No noise (making it suitable for military
purposes) (2) Small size and no moving parts (giving applications in miniaturized SEM
and laser generators). (3) No need of toxic gases (making it environmentally and
ecologically friendly). The thermoelectric power generation system can be used in remote
areas and extreme environments such as deep space due to the durability, reliability and
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maintenance-free utilization of the power generation system. In addition, because of the
simplicity and compact size, TE power generation systems are easily coupled with a
variety of heat sources such as car engines, geothermal sources or other energy harvesting
systems like solar energy collection. In other words, as long as there is a temperature
difference, a TE device can convert thermal energy into electricity.

TE materials became more efficient around the middle of the 20th century when
semiconductor fabrication techniques improved and led to the discovery of
semiconductor thermoelectric materials such as PbTe, SiGe and Bi2Te3. These materials
are widely used in many applications today. For cooling and power generation
applications, TE materials are fabricated into modules which are made by connecting ptype and n-type legs thermally in parallel and electrically in series via the metal
electrodes sandwiched between two ceramic plates as shown in Fig 1.3. Typically, more
than one pair of p and n type semiconductors, known as thermocouples, are assembled
together to form thermoelectric modules. Each semiconductor within the module is called
an element. Thermoelectrical cooling and power generation can be carried out on the
same module by switching the current input to the heat input. There are three issues
concerning the engineering of TE modules that need to be mentioned. The first involves
choosing the proper metal or alloy to be the electrode material. Secondly the electrode
should form a mechanically and chemically stable connection with the thermoelectric
element. Especially in the power generation application, the modules work in an
environment of several hundred degrees. Thermal diffusion tests and thermal expansion
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tests between the TE material and the electrode material are required to screen possible
electrode candidates. Finally, an Ohmic contact between the electrode and element
should be used. The contact resistance should also be minimized.

The Parameters describing TE materials
The Figure of merit and compatibility factor
To quantify how efficient a TE material could be, two very important parameters are
utilized: the Figure of merit (ZT) and the compatibility factor (u). For a thermoelectric
material in the form of a cylinder of constant area A and height l, the efficiency is

η=

I (thermal emf − voltage drop due to current flow)
W IV
=
=
Qh Qh Peltier heat absorbed + heat conducted in to material at TH

=

Th

l

Tc

0

JA[ ∫ αdT − J ∫ ρdx ]
A[ JThα h + κ h ∇Th ]

=

Th

l

Tc

0

J ∫ αdT − J 2 ∫ ρdx
JThα h + κ h ∇Th

(1.4)

Where α is the Seebeck coefficient, ρ is the resistivity, κ is the thermal conductivity and J
is the current density of the material.

We are only concerned with the relative efficiency of the material which is the total
efficiency divided by the Carnot efficiency. Carnot efficiency is merely determined by
the temperatures of the heat source and the heat sink. Therefore, the relative efficiency is
intrinsic to the properties of the material.

ηr =

η
η carnot

=

Th

l

Tc

0

J ∫ αdT − J 2 ∫ ρdx
JThα h + κ h ∇Th
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(

Th
) (1.5)
Th − Tc

Considering only an infinitesimal segment of the material and a one dimensional
situation, we have,

T
Jα∆T − J 2 ρ h
Jα∆T − J 2 ρ∆l Th
∇T
ηr =
(
)=
JThα h + κ h ∇Th ∆T
JThα h + κ h ∇Th

=

where Z =

uα
)
Z
1
uα +
T

uα (1 −

(1.6)

J
α2
and u =
. Z is the parameter merely related to the intrinsic properties
κρ
κ∇T

of the material and not dependent on the size of the sample. On the contrary, u is a factor
associated with the size and shape of the sample. From the equation (1.6), it is very clear
that a large ZT will favor the efficiency; however, the prerequisite is that u must be
properly designed. The derivative of ηr with respect to u is as follows.

uα
uα
(1 −
)
d Z
Z
(
) =0
du uα + 1
Z
ZT )
s = u max =

(1 + ZT )1 / 2 − 1
aT

(1.6)

(1.7)

When u is equal to s, the relative efficiency reaches a maximum value. The parameter, s ,
is a function of the material properties and temperature. Theoretically, TE materials can
be machined to adjust

J
to meet s value at every point of the sample; so that, the
∇T

overall efficiency across the whole temperature range can be maximized. However,
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realistically it is improbable. Currently no TE materials are so mechanically flexible to
meet the need. Nonetheless, if the s function does not vary strongly in terms of
temperature, ideally like a constant in the whole temperature range, a simple change of
the material size and shape can get the u value as close as possible to the every point of
the s function. Then the efficiency of the material can surpass that of a material with the
same ZT but having a strongly temperature dependent s. The ZT value only determines
the highest efficiency obtainable at each point of the material if u is equal to s; and a
more temperature independent s will help every point of the material get closer to the
highest efficiency with less requirement of changing the shape and size of the material.
Equation (1.6) is the efficiency of the infinitesimal segment of the material. In order to
obtain the efficiency for the whole material, we must integrate it. To do the integral, first
we have to show the u is a "constrained" quantity in that its value must obey the
conservation of the heat energy in an infinitesimal element bounded by the T+dT and T.
As in a divergence, the difference between the heat that enters the element and the heat
that leaves the element is equal to the heat generated by the Peltier effect at the end of the
element and the Joule heating on the element:

dQ d (κ∇T )
dα
=
= −T
J∇T − J 2 ρ (1.8)
dx
dx
dT
d (1 / u ) 1 d (κ∇T ) 1 d (κ∇T ) dx
=
=
dT
J dT
J
dx dT
dα
1
1
J∇T − J 2 ρ )(
= ( −T
)
J
dT
∇T
dα J ρ
dα
= −T
− uρκ
= −T
−
dT ∇T
dT

(1.9)
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There is no analytic relation that gives the u(x) function. But based on the derivative
equation of (1.9), once α, κ and ρ are measured, we can numerically obtain a trial u(x) by
assuming a uh or uc value. Then put the trial u(x) in the efficiency η equation, and repeat
this process, until the maximum value is found. After u(x) is known, the efficiency can
be calculated as the following
1
Q
JT α + κ c ∇Tc
uc
W Q h − Qc
η=
=
= 1− h = 1− c c
= 1−
1
Qh
Qh
Qc
JT hα h + κ h ∇Th
α h Th +
uh

α cTc +

(1.10)

In a simplified situation, when material parameters are constants, from the (1.9)

∆ (u )
= (0 − uρκ ) ∆T
u2
∆ (u ) 1
1
− 3 = ∆( 2 ) = −2 ρκ∆T
u
2 u
1
1
− 2 = −2 ρκ∆T
2
uh uc
−

(1.11)
If the difference of the temperature between the two ends of the material is not too large,
then we can approximate:

1
1
1
1 1
1
2 1
1
− 2 = −2 ρκ∆T = ( + )( − ) ≈ ( − ) or
2
uh uc
uh uc uh uc
u uc u h
1
1
∆T
=
− ρκ u
uh uc
2

(1.12)

Where u is the average of u. If we adjust the current so that u=s in the middle of the
element, where T = (Th +Tc)/2, the expression of uh and uc respectively,
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1 1
∆T
= − ρκs
uh s
2

(1.13)

1 1
∆T
= + ρκs
uc s
2

(1.14)

Putting the (1.13) and (1.14) into the (1.10),

η=

∆T (1 + Z T )1 / 2 − 1
T
Th
(1 + Z T )1 / 2 + c
Th

(1.15)

All in all, the conclusion is that (1) a higher ZT benefits the efficiency; (2) The efficiency
of a thermoelectric device, given the fixed material properties, is determined by the
electrical / heat current density ratio which is a function of u(x). By adjusting the
geometry shape of the sample or/and using more than one material, the u(x) could get to
the s as close as possible, leading to the best efficiency. However, the mechanical,
chemical stability and cost of the fabrication process limit this approach; (3) The s
function having a more nearly constant behavior in terms of the temperature leads to the
higher efficiency at the same ZT value.[2]

Overview of thermoelectric nanocomposites and their potential for enhancing ZT

With respect to application perspectives, the most important issue in the thermoelectric
field is how to enhance the efficiency of thermoelectric devices. To achieve this goal, the
pivotal step is to find materials with high ZT values. Of course, other aspects such as the
mechanical stability, toxicity and fabrication cost also need to be considered. This
dissertation will primarily focus on the material properties related to ZT. Beginning the
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middle of the 20th century, degenerate semiconductors made by heavy elements such as
PbTe, Bi2Te3 were used and they are also continuously used in today's device fabrication.
The ZT values for these two materials are about 1 at 300K and 700K respectively. In
these materials, the doping technique is utilized to optimize the charge carrier
concentration to obtain the best electrical properties. Additionally, the alloying method is
used to create mass fluctuation effects to scatter phonons in order to achieve the lowest
possible lattice thermal conductivity. In the 1990's, some thermoelectrically favorable
crystal structures were discovered such as skutterudites and clathrates. These crystal
structures contain big voids which provide an additional opportunity to scatter phonons
by the rattling effect. Materials possessing large cage structure voids allow loosely bound
atoms to be inserted and thus “rattle around”, effectively scattering phonons. And there
are some layered structures such as NaCoO2 and CsBi4Te6 that exhibit very low lattice
thermal conductivity along the cross-plane direction. By discovering those innovative
crystal structures, ZT is enhanced to approximately 1.4 [3] [4] [5] [6]. However, no
device has been made from those materials in real world applications due to other factors.
Over a decade ago, the concept of nanostructured thermoelectric materials proposed by
Dr. Dresselhaus theoretically postulated the possible enhancement of the ZT in terms of
quantum confinement effects and size-dependent electronic structure changes when the
dimension of TE materials is reduced into the nanoscale. [7] As shown in Fig 1.4, the
density of states (DOS) for free electron gas changes dramatically when the
dimensionality is reduced. The tendency is that lower dimensionality leads to a sharper
DOS plot. The large variation in the DOS corresponds to a large effective mass which is
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positively correlated to the Seebeck coefficient. Of course, the large effective mass is
inversely proportional to the electrical conductivity according to the Drude model.
However, for power factors, the Seebeck coefficient is one order of magnitude higher
than the electrical conductivity; therefore, overall power factors could benefit from the
reduction of dimensionality.

α=

α~

π 2 K B2 T ∂ ln σ
3e

∂DOS
∂E

[

∂E

]

(1.16)

(1.17)

Other than the possible improvement of power factors, the reduction of the
dimensionality could also decrease thermal conductivity by the Size effect. With respect
to the denominator of the ZT formula, the thermal conductivity κ is comprised of two
parts: the electron thermal conductivity κe and the lattice thermal conductivity κp.
Because the lattice thermal conductivity is relatively independent of other parameters in
the ZT formula, our main goal is to reduce lattice thermal conductivity. And the size
effect is a very effective way to reduce the lattice thermal conductivity. [8] Usually the
material in nanoscale should have a lower thermal conductivity than its bulk counterpart.
This concept has subsequently spawned several important experimental results. The
superlattice based on PbTe/PbSe and Bi2Te3/Bi2Se3 is able to achieve a ZT of about 2 or
even higher as shown in Fig 1.5. The enhancement of ZT is mainly contributed by the
huge reduction of thermal conductivity. The power factor of the superlattice is very close
to its bulk counterpart. These superlattice results prove the principle of the nano-
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thermoelectric idea. However, it is not very practical to use superlattice materials in real
applications due to the high cost and small thermal capacity. The typical thickness of
those superlattice samples is from several microns to several hundred microns. The
thermoelectric efficiency is equal to the Carnot efficiency multiplied by the relative
efficiency. The Carnot efficiency term is determined by the temperature difference
between the high temperature source and the low temperature sink. Because of the small
thermal capacity of superlattice materials, a large temperature difference can not be
maintained across superlattice samples. Therefore, even though the high ZT of the
superlattice increases the relative efficiency to some extent, the overall efficiency is
actually lower than that found in traditional bulk TE materials. The superlattice
fabrication also requires very expensive equipment.

So then, how do we incorporate nano thermoelectric features into bulk size samples at
low cost?

We believe that bulk size samples containing nano features, namely

nanocomposite, may be the solution.

Originally, the most straightforward method of fabricating nanocomposites was to
consolidate either a pre-grown nano structure or a mixture of pre-grown nanostructure
and bulk matrix material. The consolidation tool typically is either a hotpress or SPS
(spark plasma sintering) system. In the SPS process, a huge current (several hundred
amperes) is applied through the sample. The generated joule heat is concentrated at the
boundary between particles due to the high contact resistance at the interface of granules.
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Therefore, an SPS system can “weld” the granules together without making the grains
inter-grow. In contrast, utilizing a hotpress system is more likely to increase the average
grain size causing one to lose the nanostructure designation in the nanocomposite,
because in a hotpress system, highly densified samples need high pressure, high
temperature and longer processing time which are all the factors tending to inter-grow
grains. Using hotpress to compact the TE nanostructures requires more labor to find the
best parameters by which nanocomposite samples can be densified without losing nano
features. Therefore, to preserve nanostructures, an SPS system may be more preferable.

For some TE materials, the high power factor is contributed more from the high mobility
than the Seebeck coefficient, such as PbTe and Bi2Te3. Their mobility values are in the
scale of several hundred cm2/Vs. In contrast, other TE materials work in the opposite
way, such as SiGe and some half-Heusler materials in which the high power factor is
contributed more from the large Seebeck coefficient than the mobility. Their mobility
values are about one order of magnitude less than PbTe. In the first case, the high
mobility is correlated to the long Mean Free Path (MFP) of charge carriers. If the MFP of
carriers is longer than the MFP of phonons, the small grain size detrimentally affects the
TE properties, because the grain boundary scatters charge carriers more intensively than
phonons. The desirable case is that the grain size is smaller than the MFP of phonons but
longer than the MFP of charge carriers; thus, phonons are scattered more intensively than
charge carriers, leading to the preservation of electrical properties and the reduction of
thermal conductivity. So far we did not consider too much about the details of the grain
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boundaries. Herein, the grain boundaries just refer to the naturally formed ones. We will
discuss the topic of intentionally engineered grain boundaries later in this chapter.

However, for high mobility TE materials, it is still possible to use the nanocomposite
approach to enhance ZT. Instead of only using the TE nanostructures, we can mix the
nanostructures with the bulk matrix material, which is actually made of large granules.
The hope is that the high mobility still could be largely preserved by the large matrix
granules; at the same time, the thermal conductivity still can be reduced by the phonon
scattering of the nanostructures in the matrix. The successful example of this concept is
reported in the Bi2Te3 system, in which the ZT is enhanced about 20% as compared to the
bulk material via this approach.[9] Researchers have attempted to incorporate a variety of
nanostructures into heterogeneous or similar matrix materials, including the
nanostructures of semiconductors,[10,11,12] metals [13], carbon [14] and oxides [15],
relevant to different considerations. The nanostructures of those traditional thermoelectric
materials such as PbTe, etc prove superior to their counterpart bulk materials; it is
reasonable to believe adding those nanostructures into the bulk matrix material could
enhance the overall properties. The metal nanoparticles scatter phonons and also provide
some extra carriers to compensate somewhat for the loss of the electrical conductivity
due to the charge carrier scattering of the nanostructures. Some nanostructures of oxides
or insulating materials are typically not good thermoelectric materials. Nonetheless, due
to the very different elastic modulus of these materials as compared to the bulk matrix
materials usually made by good semiconducting TE materials, phonons could be

16

significantly scattered. The thermal stability is another salient advantage for these
nanostructures. However, until now, there is still no unanimous agreement on what type
of nanostructures is most beneficial to TE properties.

However, the disadvantages of these nanocomposites are evident: (1) it is hard to ensure
the homogeneity of the dispersion of nanostructures in the matrix, resulting in the
reproducibility issue. (2) Those nanostructures tend to agglomerate in the voids formed
by the large matrix granules. Consequently, the electrical flow and heat flow are more
readily to bypass the agglomeration of the nanostructures. The effect of the nano
structures on thermoelectric properties will be weakened significantly.

Due to the abovementioned disadvantages, researchers started to look for other
techniques in order to homogeneously disperse the preferred nanostructures into the
matrix. One idea is to use the phase separation to produce the second phase precipitates in
nanoscale during the cooling process. The Lead-Antimony-Silver-Tellurium (LAST)
material discovered by Kanatzidis et al is a good representative of these TE materials.
[16] As shown in the Fig 1.6, some Ag-Sb rich areas with the size around 5 nm formed in
the Ag-Sb poor matrix. The authors of the paper ascribe the high ZT (about 2) to the
effects caused by the Ag-Sb rich quantum dots. The typical approach of fabricating the
LAST type material was taken by Kanatzidis et al. The starting compositions (nominal)
were calculated based on the phase diagram. All components weighed in the desired ratio
under ambient atmosphere were transferred into quartz tubes and flame-sealed under a
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residual pressure of 10-4 Torr. The sealed tubes were placed in a tube furnace (mounted
on a rocking table) and heated to allow complete melting of all components at a certain
temperature. While all of the constituents were molten, the furnace was allowed to rock
to facilitate complete mixing and homogeneity of the liquid phases. After several hours of
rocking, the furnace was finally immobilized at the vertical position for the crystal
growth [17]. The correct cooling profile is essential to form the nano structures.
Following this spirit, many nanocomposites containing second phase nanostructures are
obtained. This phase separation method successfully solves the aforementioned
homogeneity issue.

However, this approach has some limitations: (1) the concentration of the second phase in
the matrix is small, usually less than 1-2 % molar ratio. The size of the second phase
nanostructures is usually controlled by the ratio of the second phase reactants in the total
starting constituents and the cooling rate. A lower second phase ratio and a faster cooling
rate lead to a smaller nanostructure size. At a typical cooling rate (usually water quench),
a 1-2 % molar ratio is the upper limit for the most cases. Therefore, the further
improvement of ZT by increasing the ratio of the nano phases is unlikely; (2) this method
requires the intensive knowledge of the ternary and quaternary phase diagrams, which
usually require much labor to obtain.

Spinodal decomposition is another effective way to produce nano features in a few
nanometers range, using the phase separation of the fabrication of the LAST type
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material. However, the Spinodal decomposition is different from the phase separation by
precipitation above-mentioned. In the spinodal decomposition case, the molar free energy
of mixing has a negative curvature; in contrast, the phase separation by precipitation
happens when the curvature of molar free energy is positive. As shown in Fig 1.7, this
distinction between mechanisms when the curvature is negative (called the spinodal
decomposition mechanism), and when the curvature is positive (called the nucleation and
growth mechanism), is important for kinetics.
∂ 2 GMix
<0
∂2 X

where G is the Gibbs free energy of the mixed system, X is the concentration of the one
in the other. Spinodal fluctuation involves a spatial modulation of the local composition
at the nanoscale, naturally forming the bulk nanocomposites. The Spinodal phase
diagram of PbTe and PbS is as shown in Fig 1.8.18 The advantages of Spinodal phase
decomposition are: (1) the thermodynamic principle determines the nano inclusions on
the 2-5nm scale, which is very desirable to scatter phonons in the room temperature and
higher temperature range; (2) the nanostructures are thermodynamically stable in the
temperature range defined by the phase diagram. However, it is very complicated to
further optimize the system made by Spinodal decomposition via doping techniques.
Because after doping, the additional doping phase may change the Spinodal
decomposition phase diagram dramatically. Sometimes these changes are very hard to
predict. For example, based on our work, PbTe and PbS can form a Spinodal phase.
Because Sn-doped PbTe is a much better TE material than pure PbTe, we tried to put Sn
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into the system to form a Pb1-xSnxTe/Pb1-xSnxS Spinodal phase. It failed because the Sn
and S form another phase as Sn2S3 instead of forming Sn doped PbTe and PbS. It is also
cumbersome to obtain the accurate Spinodal phase diagram in either an experimental
approach or a theoretical approach.

Grain boundary engineering: an innovative approach to enhancing thermoelectric
figure of merit

The strategy proposed by our group is to utilize the grain boundary to carry out the idea
of incorporating the TE nanostructures into the bulk materials. Until now, the most wellestablished thermoelectric materials are polycrystalline, which usually have lower
efficiency than their single crystal counterparts. Nevertheless, due to the consideration of
the extremely high cost of growing single crystal materials, polycrystalline materials are
more preferable in commercial applications. In addition, large amounts of the grain
boundaries can be easily oxidized, making the thermoelectric property of the device
unstable. And the grain boundary itself is also difficult to predict and control. The grain
boundary is essentially made by the defects of the crystal, usually composed by strained
bonds, broken bonds, voids, vacancies and interstitial impurities. The properties of grain
boundaries are also related to the mechanical stability of the polycrystalline material.
Therefore engineering the grain boundary is also the way to improve the mechanical
properties of TE materials. For example, Zinc Antimonite (Zn4Sb3), exhibiting very
promising thermoelectric properties, is relatively brittle. Takashi's group in Japan found
that after incorporating Silicon Carbide whiskers and Fullerene nanoparticles in the
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starting materials, the flexural strength of the material is enhanced with little change of
thermoelectric properties. The authors proclaim that the improvement of mechanical
properties is due to the Silicon carbide whiskers in the grain boundaries.

The application of Grain boundary engineering in the thermoelectric field can have the
possibilities to (1) enhance the ZT; (2) improve the compatibility factor, in other words,
making compatibility factor more friendly; (3) reduce the cost of fabrication, (4) improve
mechanical properties. Herein in this dissertation, we are only going to focus on
enhancing ZT. With respect to the technique of grain boundary engineering, we basically
use the solvent-thermal method or wet chemistry method to either physically or
chemically modify the surface of the micron-size starting particles. These methods form
nano layer structures, or directly grow the same or heterogeneous nanostructures on the
particles. Subsequently, those micron-sized particles with nanostructures are consolidated
into a densified pellet by the hotpressing technique. It is easy to imagine that those
nanostructures are going to stay at the grain boundaries, forming a three dimensional
network of nanostructures, along or across which the electrical and heat flow must go
through. Due to the geometrical distribution of the nanostrutures, the effect of the
nanostructures on the thermal and electrical transport properties could be more
pronounced than the aforementioned nanocomposite made by mixing nanostructures with
matrix granules.
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From the topological view point, the nanocomposite made by the grain boundary
engineering shares the similarity with the superlattice. A similar enhancement of the ZT
is expected to be observed in the nanocomposite too. Essentially, this technical route
requires three steps: (1) obtaining the micron-size particles as "seed particles".
Technically, there are many ways to obtain the "seed particles" such as ball milling or
some chemical synthesis methods (2) fabricating the preferred nanostructures on the
surface of the "seed particles" by the surface modification or directly growing
nanostructures on the surface; (3) compacting the coated "seed particles" into a pellet by
a hotpress or SPS system. The key point is still how to densify the sample without
destroying the nanostructures. Therefore, the proper parameters for the hotpress or SPS
processing are very important.

Overview of the lead Chalcogenide thermoelectric bulk and nano materials

In the middle of last century, Ioffe et al led the revival of increased interest in the field of
thermoelectrics, PbTe was the first material studied by the researchers. Crystallized in a
cubic structure (space group F m -3 m, a = 6.459Å at room temperature and under
ambient pressure shown in Fig1.9) and behaving as a typical semiconductor, PbTe is one
of the most commonly used TE materials, optimally operating at intermediate
temperatures (450–800 K). PbTe can form a continuous solid solution with SnTe or
PbSe, obeying Vegard's law [19]. The alloys of PbTe shows the effective reduction of
lattice thermal conductivity by the mass fluctuation effect as shown in Fig 1.10; in the
meantime, the mobility does not drop significantly [13]. As a result, the overall ZT could
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benefit from the solid solution. It is preferable to use the solid solutions of PbTe than a
simple compound. Airpetyant et al suggest that PbxSn1-xTe is suitable for both n-type and
p-type materials. The band gap of PbxSn1-xTe decreases with an increase of x until
x=0.5[20]. When the x increases further, the band gap starts to increase again. It is
reported that the peak value of ZT shows up at different temperatures with a different
charge carrier concentration. The tendency is that a higher carrier concentration
corresponds to a higher temperature where the ZT reaches the maximum value. In the
real TE power generation application, the PbTe thermoelectric element is used in a
certain temperature range. Usually the cold side is at 300K and the hot side is at 700K. So
the temperature of the PbTe TE element is not uniform and depends on the position.

Gelbstein et al suggested using segmented PbTe leg to accomplish the best efficiency. It
is clearly indicated that in Fig 1.11, Pb0.9Sn0.1Te, Pb0.75Sn0.25Te and Pb0.5Sn0.5Te reach the
power factor peak values at 300K, 500K and 700K respectively [21]. Therefore, if we
deploy the three different materials at their own optimal temperature ranges, as shown in
Fig 1.12, the overall efficiency of the segmented PbTe TE element should surpass the
element made by only one composition. The compatibility factor should be used to
determine how the different segments should be deployed to reach the best efficiency.

As for the nanostructures of PbTe, there are accumulating reports on preparing PbTe
nanocrystals [22], hollow sphere [23], nanowire [16] and PbTe/PbTeSe-based
superlattice materials [24]. The PbTe/PbTeSe-based superlattice has attracted the most
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attention in the thermoelectric field. This multi-layer structure made by alternatively
repeating one layer of PbTe (13nm) and one layer of the PbSe quantum dots (2nm)
exhibit a high ZT 1.4 at room temperature. The lattice thermal conductivity of the
superlattice PbTe material is close to the limit of the amorphous materials (lattice thermal
conductivity κl ~ 0.33 Wm-1k-1). Meanwhile, the power factor of the superlattice material
is slightly higher than the bulk counterpart. The reason for the reduction of the lattice
thermal conductivity is unanimous. The lattice mismatch of the two materials intensively
scatters the phonons. With regard to the slight enhancement of the power factor, the
authors proclaim that the nano dots layer introduces a thermoelectrically favorable
scattering mechanism. However, there are no supporting evidences for this explanation.
Another hypothesis is that quantum effects take place; however, this hypothesis also
lacks of experimental proofs, even though the dimension of the superlattice material is
small enough for the quantum effects to become evident.
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Fig 1.1 Thermocouple illustration, Example of Seebeck effect
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Figure1.2 Peltier effect illustration of a current passing
through the junction of two dissimilar conductors
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Fig 1.3 Schematic pictures for the thermoelectric
cooling and power generation modules
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Fig 1.4 Density of state change with decreasing the
dimensionality for free electron gas
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Fig 1.5 State of art of ZT of bulk and nanostructured TE material
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Ag-Sb rich nano dot

Ag-Sb poor

Fig 1.6 Nanostructures formed in the matrix in the "LAST" materials
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Fig 1.7 Gibbs energy diagram for the spinodal phenomena
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Fig 1.8 Spinodal Phase diagram of PbTe and PbS
Patent Application Publication Kanatzidis Pub. No: US 2006/0272697

32

Fig 1.9 3Crystal structure of PbTe (From the www.webelents.com)
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Fig 1.10 Lattice thermal conductivity of the PbTe/PbSe solid solution
(from J.Am.Chem.Soc.2006,128, 14347-14355)
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Fig.1.11 Power factors of the PbxSn1-xTe with the variance of the Sn content (From
Y.Gelbstein et al, Physica B, 391 (2007), 256-265)
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Fig 1.12 Schematic diagram of the segmented the PbTe thermoelectric
device (From the Y. Gelbstein et al The 26th International Conference on
Thermoelectrics, 2007, Jeju Island, Korea)
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CHAPTER TWO
Synthesis of Nanostructured Lead Chalcogenide Thermoelectric Material: the
Building Blocks for Thermoelectric Nanocomposites using Chemical Vapor
Deposition (CVD)

Introduction of CVD method

Chemical vapor deposition method (CVD) is a synthesis process combining several
scientific and engineering disciplines, including thermodynamics, plasma physics,
kinetics, fluid dynamics, and chemistry. The basic premise of this process entails
chemical constituents reacting in the vapor phase near or on heated substrates to form a
solid deposit. A number of chemical reactions are often utilized in CVD growth,
including thermal decomposition, reduction, hydrolysis, disproportionation, oxidation,
carburization, and nitridation. These actions can be used individually or conjunctly. Most
CVD operations are relatively simple and straightforward. They can be readily optimized
experimentally by adjusting the parameters or reaction chemistry until an expected
deposit is achieved. In some cases, CVD is the most efficient way to proceed. However,
many CVD processes are becoming increasingly complicated and require more accurate
parameters, which could make the empirical approach very cumbersome [25]. The CVD
method was originally utilized for thin film deposition. However, this method has
become increasingly popular in the growth of one- or zero- dimension nanostructures.
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The Vapor-Liquid-Solid (VLS) mechanism is the most popular explanation for the
growth of one-dimension nanostructures. A similar mechanism was introduced for
whisker growth in the 1960s and 1970s. Essentially metal nanoparticles are used as
catalysts for the anisotropic crystal growth of the material. The typical approach begins
when one uses a furnace or laser beam to thermally activate several constituents. In most
cases, the constituents are vaporized separately and transported by the inertia gas Argon
(Ar) to the reaction chamber to form the desired products. Second, a substrate with metal
nanoparticles distributed on the substrate is located in the reaction chamber. The
nanoparticles could be pre-grown metal nanoparticles like Gold or Silver, or they could
just be a thin film of the metal. When the thin film is heated up, the film contracts and
breaks into nanoparticles. Third, during the process of forming the desired product, the
reactants undergo chemical reactions and start to form liquid that alloy with the catalyst
nanoparticles. When the desired amount of product in the alloy is saturated and starts to
precipitate out, the incoming product tends to continue to deposit on the liquid alloy
because less energy is involved in the step crystal growth as compared with the secondary
nucleation events in a finite volume. Therefore, more products will precipitate out along
one direction, forming one-dimensional nanostructures. Consequently, the liquid alloy of
the product and the metal nanoparticles will eventually consolidate on the top of the
nanowires which is supporting evidence for the VLS mechanism[26]. Usually the
reaction temperature, the deposition rate and the phase miscibility between the desired
product and the catalyst are the essential aspects relating to the success of the
nanostructure growth.
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Nanoparticle growth is relatively easier to control than fabricating one-dimensional
nanostructures in the CVD approach. Usually, the catalyst is not necessary. However, the
deposition rate and the substrate temperature are the two important factors in order to
control the nanoparticle size. It is common to think that a higher deposition rate and a
higher substrate temperature lead to larger size particles. The higher deposition rate
increases the growth rate of nanoparticles, and the higher substrate temperature prolongs
the time that the particles cool off and, thus, terminate growth. Along these lines, if
smaller particles are expected to be obtained, a lower deposition rate and a lower
substrate temperature are needed. The lower deposition rate can be achieved by using less
thermal activation energy, which can be carried out by decreasing the furnace
temperature, the power of the laser beam, or the laser striking frequency in the different
CVD systems.

A "cold finger" cooled by water or liquid nitrogen in the reaction chamber can be used to
control the substrate temperature; so that, the vapor of the material can be condensed
faster and thus terminate the growth of the nanoparticles sooner. However, the traditional
CVD system is not capable of producing a large amount of nanostructures. The typical
CVD system that uses the deposition rate and substrate temperature to control particle
size gives a very small yield, such as 50 milligrams. Especially in thermoelectric studies,
a large amount of nanoparticles is desired to fulfill the need for the accurate macroscopic
transport property measurements. Thus at least 1-2 grams of the nanostructures is
required to make the sample pellet. Increasing the yield is an important question in
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thermoelectric nanoparticle growth. Meanwhile, narrow size distribution is another
desired result that can help us better understand the behavior of the thermal and transport
properties for different sized particles.

Herein we have discussed a CVD system utilizing a convection method to achieve both
a high yield and size-selective nanocrystal growth. And not only can this CVD system be
used for the PbTe system but also it can be applied to doped PbTe and other material
systems. We also found a way to use the CVD system for anisotropic growth of PbTe.

The size-selective and high yield PbTe nanoparticles growth

Experiment
A single zone split hinge furnace (Lindberg Blue M HFT55322A) with a horizontal
quartz tube was set up for our CVD synthesis, as shown in Fig 2.1. In a standard
experimental procedure, ~2.0g of PbTe powder (99.999%, >50 µm, Alfa Aesar) was
loaded into a ceramic boat located in the quartz tube at the center of the heating zone. Air
was evacuated before a mild Ar gas (research class) flow was fed through for at least 10
minutes. Given that bulk PbTe has a total vapor pressure of ptot =10 Torr at its melting
point TM = 950°C [27], a number of heating temperatures in the vicinity and different Ar
flow rates were tried. We found that a preset Ar flow rate at ~ 360 cc/min or less and a
heating temperature between 940°C and 1050°C for 1-2 hours yielded the best and most
reproducible results. To obtain the particles easily, a sheet of aluminum foil can be
curved into a cylinder shape and inserted into the quartz tube. During the growth, the
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particles are deposited on the aluminum sheet. We can move the foil out and use a brush
to collect the powder. The final product of PbTe nanocrystals, in form of grey dust
weighing up to 1 gram, was collected on the tube wall before subjected to further
characterizations, including X-Ray diffraction and scanning electron microscopy.

At such a high yield, unbiased statistics of particle size distribution (PSD) and
microscopic morphology is very important. For this purpose, several portions of the asgrown nanoparticles were collected from different sampling positions on the tube wall.
Then the microscopic morphology and corresponding composition were studied on a
HITACHI SN-3600 scanning microscope (SEM), equipped with a digital EDX detector.
In order to ensure unbiased statistics, at least three locations were randomly chosen on
each sample. As suggested by the SEM results, the nanoparticles of ~100 nm, 200 nm,
600 nm and of 1 micron size were dominant in populations within a wide range of growth
conditions.

Results and Discussion
Originally we intended to deposit the PbTe powder on the outlet area in the CVD system.
However, unexpectedly, a lot of PbTe powders, which were found to be 100 nm and 200
nm PbTe nanoparticles, deposited in the inlet area as shown in Fig 2.2 (a) (b). Both large
yield and the narrow PSD were clearly exhibited. Most 100 nm PbTe nanoparticles
formed in inlet area further from the furnace. And most 200 nm PbTe particles were
deposited in the inlet area near the furnace. Therefore temperature is thought to be the
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cause of the differing sizes of PbTe nanoparticles. In the outlet area, the PbTe particles
with two different sizes (500nm and 1 µm) were obtained by adjusting the Ar flow rate as
shown in Fig 2.2 (c), (d). These particles had a perfect cubic shape which is consistent
with the crystal structure of PbTe.

A further investigation revealed that the size-selective growth and high yield could be
related to the convection of the PbTe vapor caused by the temperature gradient, the Ar
flow, the geometry restriction of the quartz tube as well as other factors. Those
convection patterns are demonstrated in Fig 2.3. The black stripe and the relatively
lighter colored stripe were distributed alternatively, corresponding to thicker and thinner
layers of deposited PbTe nanoparticles respectively. Those stripes are evidence of
convection that happened during the growth. We are going to discuss the following two
questions: (1) How did the convection happen and (2) How did the convection affect the
particle size of the PbTe nanoparticles?

The derivation from the equilibrium of the gas fluid is the essential factor for generating
convection. In the traditional tube CVD system, the diameter of the quartz tube is usually
1-1.5 inches, and the gas inlet is very close to the furnace. Therefore, when the cold Ar
gas flows into the quartz tube, the Ar molecules are immediately heated up to the same
temperature as the furnace. And the space restriction set by the quartz tube only allows
the Ar gas to move toward the outlet. So, the Ar molecules rapidly form a directional
flow moving toward the outlet. In this case, no convection happens. However, in our
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CVD system, the diameter of the quartz tube we chose was about 2 inches, which is
bigger than quartz tubes traditionally used in CVD systems. In addition, the inlet of the
gas is six inches away from the furnace as shown in the Fig 2.1. We have shown
experimentally that the quartz tube's large diameter and the distance between the gas inlet
and the furnace are critical to the formation of convection. If the furnace was moved too
far away from or too close to the inlet, the convection and its associated pattern
disappeared. Furthermore, using a quartz tube with a smaller diameter also weakened the
convection significantly. The possible scenario is that: the PbTe vapor flow moves from
the hot furnace to the cold inlet area because of the temperature difference between the
two places. The hot PbTe vapor flow meets the cold head-on flow of the Ar gas from the
gas inlet. These two flows then start to complete with each other. At the same time, the
larger diameter quartz tube provides an enough room for gas convection. Nevertheless
this is just a rough qualitative description, and a theoretical air dynamic simulation is
necessary for us to understand the mechanism of the convection in the CVD system
further. But this is beyond the scope of this dissertation.

To support our hypothesis that convection is the determining factor for the formation of
nanoparticles, we studied the particle size distribution and the morphology of the product
in the CVD system without convection. Fig 2.4 reveals that the particle's size was
increased to 10 microns and that the surface is very rough as compared to the micronsized particles in Fig 2.2. Therefore, we can proclaim that the convection in the CVD
system is essential to the growth of nanoparticles in our CVD system.
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Another point of note is that the nanoparticles (100-200 nm) grown in the inlet area were
smaller than the particles (500 nm-600 nm) in outlet area. We think that reasons for this
are the following: (1) the vapor of the material transported to the inlet area was less than
that in outlet area because the transport direction of the material was opposite to the
direction of the Ar flow. Consequently, the deposition rate in the inlet area was lower
than that in the outlet area. (2) In the inlet area, the convection was more violent than in
the outlet area because the competition between the cold Ar gas and the hot PbTe vapor
was more intense. Consequently, the environment for nanoparticle growth was more
unstable; therefore, the particle size was smaller.

In addition to the SEM and EDX, further information regarding the chemical
composition, the crystal structure, the crystallinity, and the particle size was obtained
from X-ray powder diffraction (XRD) measurements. Fig 2.5 presents the XRD patterns
taken on the same samples from the Fig 2.2. All of the XRD patterns show sharp Bragg
reflections, which indicate that the samples have good crystallinity. The patterns are
consistent with the cubic rock salt type (that of PbTe). Further investigations on the (220)
reflections, at 2θ=27.572° and 39.410°, respectively, showed a small but systematic shift
to a low angle with diminishing particle size as compared to that of the raw bulk powder.
For example, the shift of (200) can easily be observed in the inset of the Fig 2.5. This
shift corresponds to a lattice expansion from a=6.459 Å in the bulk phase to a=6.476 Å in
the 100 nm phase, a relative change of +0.26%. Some very weak peaks were identified as
Te in the nano-scale samples that were not present in the raw powder, which indicates
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that some decomposition happened in the process of the forming PbTe nanocrystals.
During the process of heating the raw materials, the decomposition point was lower than
the melting point. Because the Te is relatively easier to decompose from PbTe than Pb;
there was always a tiny amount of single-element Te powder in the final product. Also,
the leftover of the staring material was always Pb rich. In the PbTe semiconductor, the
excess Te in the PbTe played an important role in the carrier concentration; it can change
from the carrier concentration from 1015-1021/cm3 [27]. Therefore, the question is how to
control the excess Te. There are two approaches to do this. One way is to set the furnace
at full power in order to increase the temperature as quickly as possible. By this method,
the time used to get through the decomposition point of PbTe is minimized. As a result,
less Te remains in the final product. The second method involves putting excess Pb in the
starting material to compensate for the excess Te and thereby reducing the composition
imbalance of the product. But adding more Pb in the starting material could also change
PbTe type from the p-type PbTe (excess Te) to the n-type PbTe (excess Pb).

PbTe nanoparticle growth by our convection CVD method is size-elective. By adjusting
the flow rate, PbTe particles of different sizes can be obtained at different locations. Also
in just one growth, the morphology of the particles collected from different locations also
varies, indicating different growth environments in terms of locations. The SEM pictures
of the samples collected from the different locations (different stripes) is shown in Fig
2.6. These SEM pictures indicate that particles in some places are more uniform, while
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some of them contain much smaller particles. The CVD growth is convenient for our
research; we can choose different sized particles from different locations of one growth.

Growth of solid solution PbTe and doped PbTe nanoparticles

As mentioned before, in the PbTe system, a PbTe solid solution with PbSe and SnTe is
more preferable than a PbTe compound due to the reduction of lattice thermal
conductivity by the mass fluctuation scattering of phonons. Therefore, determining how
to use CVD to grow a nanostructured PbTe solid solution is an important issue for the
study of thermoelectrics. We tried to grow PbTe/PbSe, PbTe/SnTe, and Pb1-xSbxTe solid
solutions using a similar technique to that for growing of PbTe. The starting materials
were weighed according to the stoichiometric ratio with a 2 percent molar ratio of excess
Pb. By doing this, the excess Te was in the final product will be reduced. The other parts
of the growth were the same as in the previous description. In Fig 2.7, the uniform
particle size and high yield of the PbTe solid solution nanoparticles are well exhibited.
Fig 2.8 shows PbTe nanoparticles of different sizes fabricated by the CVD method. In Fig
2.9, the XRD patterns of the PbTe solid solution reveal the samples' good crystallinity
due to the narrow full width of half maximum (FWHM). The lattice constant of the PbTe
and PbSe solid solution obeys the Vegard law [28]. Therefore, with more PbSe in the
solid solution, the XRD peaks shift to a bigger 2θ angle, corresponding to a smaller
lattice constant. The lattice constant for the three samples are PbTe: 6.47Å,
PbTe0.68Se0.32: 6.38Å, and PbTe0.50Se0.50: 6.29Å as determined by the position of the
XRD peaks.
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PbTe whisker and micron-wire growth

Crystal whiskers are single crystals that have grown in a filamentary form. Some grow
from their base and are extruded to relieve pressure in the base material or grow as a
result of a chemical reaction at the base. In both cases, the growth occurs at a singularity
in the base material. Other crystal whiskers grow at their tip, into a supersaturated
medium, and the filamentary growth results from a strong anisotropy in the growth rate.

Great interest in whiskers developed after it was discovered that the strength exhibited by
some whiskers, such as SiC, approached the strength theoretically expected of perfect
crystals. This great strength results from the internal and surface perfection of the
whiskers, whereas the strength of most materials is limited by defects. The high strength
of these whiskers is of particular interest because of the possibility of using them in
composites to increase the strength of more ductile matrix materials. Silica, boron, and
carbon fibers which are much easier to fabricate in large quantities than whiskers, exhibit
similarly high strength and are now used in composites [29].

While growing nanoparticles, PbTe whiskers formed on the upper wall of the quartz tube
close to the furnace as shown in Fig 2.10. PbTe is a brittle compound. Therefore, we did
not expect the PbTe whisker to be very strong, but the growing mechanism was
interesting. We believe that the PbTe vapor traveling out from the hot furnace started to
condense and formed a small piece crystal on the upper wall of the quartz tube. Atoms
from the vapor continued to condense into the lattice position more readily when
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neighbors surrounding the sites were already in place. Thus an atom was relatively
weakly attracted to a perfect plane, was more strongly attached to the step, and was most
strongly attracted to the corner. If a crystal contained a screw dislocation, the new atoms
never nucleated a new plane because the local planar structure wound endlessly around
the screw dislocation like a spiral ramp. This mechanism led to a very long, thin,
whisker-shaped crystal. Such whiskers contained only a single dislocation (the nucleating
screw dislocation itself) and had a strength comparable to a perfect crystal. [30]

If we reduced the vaporization rate of the PbTe staring material, it turned out that the
whiskers grew smaller, eventually forming PbTe wire-like samples in submicron and
even nano scales, as shown in Fig 2.11. Hitherto, to our best knowledge, no one has
reported the growth of PbTe nanowires using a CVD method. For some PbTe nanowires,
the aspect ratio could be as high as two hundred. The Raman spectrometer was utilized to
investigate one single PbTe nanowire. In Fig 2.12 (a), the Raman spectrum peaks of the
PbTe nanowire were the same as the bulk material. This means that the dimension of the
PbTe was not small enough to affect the optical phonon models. However, the Raman
spectrum verified that the material composition was PbTe. The XRD pattern and EDX
(energy dispersion X-ray) as shown in Fig 2.12(b) and 2.12 (c) are also consistent with
the crystal structure and composition of PbTe.
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The application of convection CVD for the growth of other nanostructures

This CVD method can be applied to material systems other than PbTe. However, a multielement compound with a complicated phase diagram is not usually suitable for a CVD
system in which a furnace is used to vaporize the starting constituents because it is very
difficult to accurately control the stoichiometric ratio in the vapor of multiple elements. If
the phase diagram is complicated, multiple phases will usually be obtained due to lack of
control of the homogeneity of the vapor. However, if the laser pulse is used to vaporize
the raw starting material, the situation will be better because the laser pulse can vaporize
all of the constituents simultaneously in very short time.

Nonetheless, our CVD system is good for growing single element nanostructures or
relatively simple binary compounds. We also tried to grow Te nanostructures by the CVD
method. SEM pictures for a variety of Te nanostructures can be obtained in our CVD
system such as nanotubes, nanoshperes, nanorods, and nanowires as shown in Fig 2.13.

Tellurium is a p-type semiconductor and has many industrial application applications.
Tellurium shows a greater conductivity in certain directions depending on atomic
alignment. Chemically related to selenium and sulfur, the conductivity of this element
increases slightly when exposed to light (photoelectric effect). It can be doped with
copper, gold, silver, tin, or other metals. When in its molten state, tellurium is corrosive
to copper, iron, and stainless steel. It is mostly used in alloys with other metals and is
added to lead to improve its strength and durability and to decrease the corrosive action
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of sulfuric acid. When added to stainless steel and copper it makes these metals more
workable. It is alloyed into cast iron for chill control.

High-purity metalorganics of tellurium are used in the semiconductor industry. Its
applications in this area include the media layer of rewritable compact Discs (CD-RW),
the media layer of rewritable digital video Discs (DVD-RW), and the new phase change
memory chips developed by Intel.

Te nanostructures provide more freedom for using Te in industry applications.
Nanostructured Te can be utilized as precursors for synthesizing Te compounds. As a
semiconductor, its dimension effects, size effects, and quantum effects could give Te
innovative properties in electric and optical properties. Te nanostructures also could be
incorporated into thermoelectric bulk material as nano inclusions to scatter phonons or
improve the electric properties of the bulk reference materials. In addition, there has been
reported that PbTe/Te superlattice has better electrical properties than PbTe bulk
materials due to the existence of the Te nano layers [31]. The CVD growth of Te
nanostructures set up a foundation for many future applications.
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Fig 2.1 Schematic diagram of the convection chemical vapor deposition system
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(a)

(b)

(c)

(d)

Fig 2.2 SEM pictures of CVD-grown PbTe nanocrystals with different size
distribution
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Fig 2.3 Convection pattern formed on the wall of the quartz tube
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Fig 2.4 SEM picture of the PbTe sample formed in the CVD system,
stopping convection by sealing 1/3 atmosphere pressure Ar gas in the tube
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Fig 2.5 XRD patterns taken on the bulk powder, 600 nm particles, 200 nm
particles, and 100 nm particles are shown from the bottom upward.(All the
peaks are arbitrarily offset)
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Fig 2.6 SEM pictures of the CVD-grown PbTe nanoparticles from different locations
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Fig 2.7 PbTe0.5Se0.5 CVD grown particles (~ 500nm) on a large scale

57

Fig 2.8 PbTe0.5Se0.5 CVD growth with different size distributions
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Fig 2.9 XRD diffraction patterns of the PbTe, PbTe0.62Se0.38 and PbTe0.50Se0.50
nanoparticles grown by the convection CVD method
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Fig 2.10 CVD-grown PbTe whiskers
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Fig 2.11 PbTe submicron wire grown by the CVD method
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Fig 2.12 (a) Raman spectrum of PbTe nanowires, (b)
EDX element analysis of the PbTe nanowire, (c) XRD
pattern of the PbTe nanowires
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Fig 2.13 Te nanostructures grown by the CVD method
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CHAPTER THREE
Synthesis of Nanostructured Lead Chalcogenide Thermoelectric Material: the
Building Blocks for Thermoelectric Nanocomposites Using the Hydrothermal
Method

Introduction of the hydrothermal method

Several studies have reported that the hydrothermal method is an effective synthesis tool
for nanomaterials [32] [33]. However, hydrothermal synthesis was originally designed for
single crystal growth, including various techniques for crystallizing substances from
high-temperature aqueous solutions at high vapor pressures. The term "hydrothermal" is
of geologic origin. Geochemists and mineralogists have studied hydrothermal phase
equilibrium since the turn of the last century. George W. Morey at the Carnegie
Institution and, later, Percy W. Bridgman at Harvard University laid many of the
foundations necessary for the containment of reactive media in the temperature and
pressure ranges in which most hydrothermal work is conducted.[34]

Hydrothermal synthesis can be defined as a synthesis method of single crystals that
depends on the solubility of minerals in hot water under high pressure. Crystal growth
occurs in a steel pressure vessel called an autoclave, in which the chemical reaction takes
place. A temperature gradient is maintained at opposite ends of the growth chamber so
that the hotter end dissolves the nutrient and the cooler end causes seeds to take
additional growth.
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Possible advantages of the hydrothermal method over other types of crystal growth
include its ability to create crystalline phases that are not stable at the material's melting
point. Also, materials that have a high vapor pressure near their melting points can also
be grown using the hydrothermal method. This method is also particularly suitable for the
growth of large high-quality crystals while maintaining good control over their
composition. Disadvantages of the method include the need of expensive autoclaves,
good quality seed materials of a fair size and the impossibility of observing the crystal as
it grows [35].

Since high temperatures and high pressures are involved in the method, it is also possible
to utilize this method to grow nanostructures by properly adjusting the experimental
procedures. Sometimes, surfactants like polyethylene glycol (PEG) and Sodium dodecyl
sulfate (SDS) can be used to control the size of the as-grown nanostructures because the
macromolecules of these surfactants function like "blockers or interrupters" of crystal
growth, leading to the formation of nanostructures. Furthermore, these surfactants have
two function groups: hydrophilic and hydrophobic. In the ternary system, in which two
immiscible phases (water and oil) are present with a surfactant, the surfactant molecules
may form a monolayer at the interface between the oil and the water with the surfactant
molecules' hydrophobic tails dissolving in the oil phase and their hydrophilic heads
dissolving in the aqueous phase. As in the binary systems (water/surfactant or
oil/surfactant), self-assembled structures of different types can be formed, ranging, for
example, from (inverted) spherical and cylindrical micelles to lamellar phases and
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bicontinuous microemulsions, which may coexist with predominantly oil or aqueous
phases [36]. If the desired chemical reaction happens in the water environment but not in
the oil solvent, then the micelle geometrically constrain the materials' growth, possibly
leading to size- and shape-controllable nanostructures growth. This type of technique is
called "soft template" method [37] [38]. In this chapter, I am going to discuss how to use
hydrothermal methods both with and without the assistance of surfactants to grow various
PbTe nanostructures.

The growth of PbTe nanoparticles

Experiment
In a typical solvothermal process, precursors of PbCl2 and Te (Alfa Aesar) with a Pb:Te
molar ratio of 1:1 were weighed and mixed with 10 ml ethylenediamine. Other solvents,
such as distilled water, acetone, and absolute alcohol, were also tried as solvents.
However, growths using those solvents always contained PbO as well as other oxides.
The oxygen source could have been from the chemical unit of the solvent. The
ethylenediamine solvent was mixed with an appropriate amount of PbCl2 and Te. Then
the mixture was stirred for ten min. The admixture was transferred into a 45 ml Teflonlined autoclave and mixed with different amounts of reductant NaBH4 and NaOH to
optimize growth. The autoclave was sealed and maintained at 150°C for 30 hours before
it naturally cooled. Finally, the precipitates were filtered; washed with distilled water,
ethanol and acetone; and dried via pumping under ambient conditions for further
investigation. The pictures about the autoclave and schematic of the experimental
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procedures are shown in Fig 3.1. The microscopic morphology and corresponding
composition were studied on a HITACHI SN-4800 scanning microscope (SEM),
equipped with a digital EDX detector. The X-ray powder diffraction was employed to
study the crystal structures of the final products.

Results and discussion
Table 3.1 lists important information about the details of hydrothermal synthesis. Fig 3.2
shows the X-ray diffraction patterns of the materials solvothermally synthesized in this
experiment. Sample A's pattern agrees well with the standard PbTe sample (PDF#0381435). No impurity phases were identified. Samples B, C, and D contained PbTe and a
small amount of elemental Pb (according to PDF#004-0686). These samples can be
regarded as Pb-rich PbTe products. Because all these three samples had NaBH4 as the
reaction additive during the synthesis process, the presence of elemental Pb was probably
due to the reducing effect of NaBH4. The addition of NaOH in the growth process had no
obvious effect on the final product. Samples E and F, which contained a small amount of
elemental Te (PDF#044-0925), were Te-rich PbTe products. The residual Te could have
come from the Te powder in the starting materials. This implies that the relatively low
temperature (140 °C) resulted in an incomplete reaction. Based on the XRD patterns of
the samples synthesized at different conditions as seen in Fig 3.2, a clear tendency was
that a higher temperature and longer time lead to better grain crystallinity. The
morphology of typical as-prepared PbTe powder samples is shown in Fig. 3.3. It is
obvious that these samples were mainly composed of well-crystallized cubes with an
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average size of approximately 100 nm. In sample D, we also found some nanorods with
diameters of 100 nm and lengths of up to several microns as shown in Fig 3.4. Judging by
the SEM picture, these rods were formed by the linking of equirotal cubic particles.
Elemental line scanning (Fig 3.4, bottom) indicates that these rods were composed of
lead and tellurium. In the synthesis of PbTe, ethylenediamine was used as the solvent.
Because ethylenediamine is a strongly alkaline liquid, all of the reactions proceeded in a
basic system. In this kind of system, elemental Te polymerized into polytelluride Te2- as
shown in the following equations:
3Te + OH- ↔ 2Te + 2Te2- + TeO32- +3 H2O

(2.1)

TeO32- + BH4- → Tea+12- + H2BO3- + H2↑

(2.2)

Tea+12 ↔ a:Te + Te2-

(2.3)

The formation of PbTe will mainly depend on the combination of ions, i.e.:
Pb2+ + Tea+12- = PbTe + (a:Te)

(2.4)

When NaBH4 is added to the system, Pb2+ will be reduced to elemental Pb:
E 0Pb2 +

= −0.54ev
Pb

E Te0 2 +

= −1.143ev
Te

PbCl2 + 2NaBH4 → Pb + 2BH3 + 2NaCl + H2↑
Thus, the final product might contain a small amount of Pb, for example in samples B, C,
and D. A lower temperature or a shorter time might make it unlikely for these reactions to
be completed; therefore, some elemental Te remained, for example in samples E and F.
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Summary
Nano-structured PbTe samples were synthesized by solution-chemical syntheses.
Ethylenediamine was considered to be the best solvent for the preparation of PbTe so far.
The PbTe samples were mainly composed of well-crystallized cubes with an average size
of approximately 100 nm. Nanorods were also found in the PbTe samples, identified by
EDS analysis. Possible reaction mechanisms are presented for all of the samples. The
solution-chemical synthesis of nanosized PbTe provides us with a technical foundation
for developing novel nano-structured thermoelectric materials for the future.

The growth of PbTe nano assembly structures using the surfactant-assistant
hydrothermal method

Experiment
The experiment procedures for the surfactant-assistant hydrothermal method were similar
to the aforementioned hydrothermal method except that some surfactants were added.
Detailed information about the synthesis for a series of samples is listed in Table 3.2.

Results and discussion
Both samples D2 and B2 show that the reactions were uncompleted, containing the single
Te element in the XRD patterns. This means that the reactions for PbTe synthesis
required a reaction temperature high enough and/or a long enough reaction time to
complete the whole process. It is cumbersome and unnecessary to probe the exact
threshold temperature and time needed for the completion of the reaction. However, we
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suggested a temperature of 130°C and a time of eight hours to successfully complete the
reaction. Samples B (1), B (3), C (2), and D (2) showed a single PbTe phase and
nanoscale particle size. However, the morphology and size of the final products were
slightly different as shown in Fig 3.5. For samples B (1), B (3), C (2) and D (2), particle
sizes are smaller as compared to other samples. Based on Table 3.2 and the SEM
pictures, our empirical conclusion was that there are three factors that favor the formation
of smaller particles: (1) CTAB (Cetyltrimethylammonium bromide) was more effective
in reducing particle size than SDS (Sodium dodecyl sulfate). The supporting evidence
was sample B (1) (using CTAB) and B (3) (using SDS). Evidently B (1) has a smaller
particle size than B (3). (2) Lower synthesis temperatures can reduce the particle size.
The particle size of B (2) (reaction temperature 170°C) was larger than B (3) (reaction
temperature 130°C). However, the temperature should be higher than 100°C to start the
reaction process. (3) NaBH4 was not necessary for the formation of nanoparticles. D (2)
(no NaBH4 added) had the smallest size in all of the samples. In the previous
hydrothermal synthesis without the surfactant, NaBH4 was necessary to fabricate PbTe
nanoparticles. When it met water, NaBH4 produced H2 gas which dramatically increased
the inner pressure of the autoclave. A higher pressure in the autoclave led to a more
unstable growth environment for PbTe. Thus NaBH4 was necessary to obtain small
particles in the previous hydrothermal synthesis. But the use of NaBH4 usually brings
excess Pb into the final product. Herein, surfactants made by macromolecules can
function as interrupters to prevent the particles from growing larger. (4) A shorter
reaction time can produce large amounts of particles smaller than 100nm as shown in the
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Fig 3.5 for sample D(2). The above discussions are based primarily on experience and
lack of more evidence to justify the conclusions; however, they are very helpful in a
practical sense.

In some cases, due to the shape of the surfactant macromolecules, some self-assembled
PbTe nanostructures were formed as shown in Fig 3.6, sample A1. Some submicron PbTe
particles formed a seven-micron long chain. Smart map element analysis confirmed that
these self-assembled nanostructures were PbTe. By studying the enlarged pictures of
these self-assembled nanostructures, we found that each terrace corner of the cubic
particles acted as a nucleation site. This configuration produced dots in one direction to
form chains like this. In sample B (3), petal-like PbTe structures formed as shown in Fig
3.7. The length from one end to the other end of the PbTe petals was about 1µm. The
self-assembled PbTe nanostructures may be potentially useful in research on how the
shape of PbTe nanostructures may affect their transport properties. It has been reported
that Is nanowires with a diameter smaller than 100 nm exhibit a large enhancement of ZT
via a dramatic reduction of lattice thermal conductivity [39] [40]. If the size of PbTe
nanochains can be further reduced, researchers will be able to study the size effect and
dimensionality effect on PbTe.
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Nanolayer coating on the Pb0.75Sn0.25Te micron particles

Introduction
As suggested theoretically and experimentally, the superior properties of TE
nanostructures as compared to their bulk counterparts are due to the size effect,
dimensionality effect and grain boundary scattering of phonons and charge carriers; only
the former two of which are intrinsic to the nanostructures. As a result, the immediate and
inherent challenge in nanocomposites is how to preserve the nanostructures in the bulk
material from aggregation and inter-growth. The solution, in our opinion, significantly
depends on the interfaces of the grains: a desired interface would prohibit an undesired
boundary merge and inter-diffusion and would selectively scatter phonons and charge
carriers. Following this line of thinking and beyond, we here propose and demonstrate a
novel route for fabricating “nanocomposites”: introducing 2-D nanostructure on the
surfaces of the bulk matrix materials by which the thickness, chemical composition and
structure, and the interplay with the bulk matrix properties provide us with extra degrees
of freedom to optimize the thermoelectric performance of the whole system.

From the fabrication point of view, the proposed route is essentially based on chemical
vapor deposition (CVD) and hydrothermal growth methods, both of which have been
proven to be effective techniques for growing a wide variety of nanostructures [41][42].
CVD is first employed to prepare the matrix material in the form of µm-sized particles,
while the hydrothermal method is utilized to fabricate a 10-100 nm thick surface layer.
After pressing, due to the geometry constrain, electrical and thermal currents have to go

72

through or go along the nanolayer network in the bulk; therefore, the thermal and
electrical properties can be fine tuned by choosing the composition and the thickness of
the nanolayers and the matrix materials.

In this pilot study, we selected a thermoelectrically optimized Pb0.75Sn0.25Te system as the
matrix material for the following reasons. First, we developed a high yield and sizeselective CVD technique, which was particularly effective in growing doped PbTe
particles with a typical size of a few µm and a regular cubic shape. The regular shape,
simple crystal structure and multiple constituents of the matrix material enabled us to
readily monitor any change in the surface morphology and structure and also the
migration of the element. Second, we employed the hydrothermal technique, instead of
the CVD technique, to fabricate the surface layer because it had better control on the
thickness (from 10 nm to 100 nm subject to need) and on the uniform coating. On the
other hand, the infinite miscibility of Se and Te ensures the easy going of the experiment
while the high temperature and pressure prohibit the overgrowth of the layer. This simple
chemical process can be written as:

Pb0.75Sn0.25Te + Se = Pb0.75Sn0.25Se + Te

Third, as compared to the matrix material Pb0.75Sn0.25Te (or more appropriately, the
“core” material), Pb.75Sn.25Se has very similar electrical properties but different lattice
constants [43] [44]. The similar electronic structures of the two materials ensure less
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scattering of charge carriers, while the mismatched lattice presumably causes more
scattering of phonons. As a rough estimation, there are more than 4000 nanolayers along
the longitudinal direction of an 8 mm long sample if the average size of core particle is 2
µm.

Experiment
The 2 µm Pb0.75Sn0.25Te particles with a narrow size distribution were first prepared using
a CVD technique. In a typical hydrothermal treatment, 1.5 g of Pb0.75Sn0.25Te and 0.06 g
of Se (Alfa Aesar, 99.99%) were mixed with 150 ml ethylenediamine (Alfa Aesar 99%)
served as the solvent. After being stirred for five minutes, the mixture was fed into a
Teflon-lined autoclave. Then the filled autoclave was sealed and placed in a box furnace
(Lindberg Blue BF51732C). Several temperatures and times were tested. And the
combination of 130°C and 20 hours was found to be the optimal parameters for obtaining
the desired surfaces. After the autoclave was allowed to cool naturally, the sample was
collected and washed successively with distilled water, absolute ethanol, and acetone
through a vacuum filter system. The phase, crystallinity, and structure of the final
products were checked using X-Ray diffraction. The chemical composition, morphology,
and element distribution were studied on a HITACHI SN-4700 scanning electron
microscope (SEM) and on a HITACHI HD-2000 high resolution transmission electron
microscopy (HTEM) equipped with a digital EDX detector.
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Results and discussion
Fig 3.8 shows the morphological comparison of Pb0.75Sn0.25Te particles before and after
the hydrothermal treatment. It is clear that the surfaces became rough after the
hydrothermal treatment, while the size and overall shape of the particles remained the
same. Considering that Se has a higher combination energy with Pb than Te does, it is
tempting to speculate that Se ions replaced Te ions on the surface of 2 am Pb0.75Sn0.25Te
particles. As a result, the rough surface layer composed by Pb0.75Sn0.25Se was formed by
following the reaction formula: Pb0.75Sn0.25Te + Se = Pb0.75Sn0.25Se + Te.

XRD and EDX were used to investigate the samples further. From the XRD pattern for
the as-grown samples shown in Fig 3.9, the peaks for Pb0.75Sn0.25Te, Pb0.75Sn0.25Se along
with a small amount of excess Te were identified. The peaks from the latter two phases
did not appear in the original Pb0.75Sn0.25Te particles before the treatment; therefore, there
was no doubt that the crystallized Pb0.75Sn0.25Se and Te phases were the products of the
hydrothermal treatment. To further study the spatial distribution of Pb0.75Sn0.25Se, a smart
map element analysis for Pb, Sn, Te, and Se was carried out on the HTEM (HD-2000).
As shown in Fig 3.10, guided by the white lines that highlight exactly the same area in
the SEM picture, we could clearly see that Pb and Sn showed up over the entire area of
the two adjacent cubic particles; nonetheless, it was very obvious that Se was much richer
on the outer parts than on the inner part, forming two clear 30 nm wide margins.
Meanwhile, fewer Te spots appeared on the outer parts, but there were intense signals of
Te on the inner part. Although the smart map element analysis only shows the element
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distribution in a projection plane of the sample, we easily knew that Se should exist
mainly on the surface. By applying a larger scale EDX analysis, we found that that the
molar ratio (4:1) between Te and Se in the sample after the process was much lower than
the initial ratio (7:1) of the untreated materials. Because the weight of the samples
changes slightly before and after the reaction, the molar ratio (7:1) should be about the
same. A straightforward explanation is that because the penetration depth of EDX was
typically only on the scale of 100 nanometers only, the EDX signal was heavily weighted
by the surface composition. This explanation was consistent with the assumption that
Pb0.75Sn0.25Se was coated on the surfaces. Based on the XRD results, the Se element
spatial distribution from the EDX, and the Te/Se ratio before and after the treatment, we
concluded that a 30 nm thick Pb.75Sn.25Se layer was successfully fabricated on the surface
of µm-sized Pb.75Sn.25Te particles using the hydrothermal treatment.

Due to the very similar crystal structure of the matrix and coating materials, the effect of
diffusion is a problem that deserves consideration. To address this issue, a XRD analysis
was carried out on the samples after different annealing conditions were applied. After
one hour annealing at 300°C and, the two sets of peaks were prone to merging into each
other and the Full Width of Half Maximum (FWHM) of the peaks became broader;
nevertheless, the two sets of peaks were still distinguishable. When the annealing
temperature reached 400°C, the two sets of peaks merged to one, and the new peaks
positions were between the initial two sets of peaks. In addition, the FWHM of the peaks
were significantly broadened. Taking the (220) peak as an example, the FWHM was
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0.181° (no annealing), 0.283° (300°C annealing), and 0.548° (400°C annealing). The
explanation for the merger of these two sets of peaks and the broadness of the peaks is
that Se atoms diffused into the core parts but did not reach the equilibrium needed to
form a solid solution. Accordingly, this uncompleted Se diffusion caused a lot of
disorders and defects in the crystal, resulting in the broadened peaks. The study of the Xray diffraction patterns with different annealing temperatures set up a temperature upperlimit for the hotpressing and thermoelectric property measurements of the
nanocomposites made by the coated micron-size particles.

Conclusion
In conclusion, a novel route of introducing 2-D nanostructures into bulk thermoelectric
nanocomposites was demonstrated. A layer of Pb0.75Sn0.25Se with a typical thickness 30
nm was fabricated on the surface of µm-sized Pb0.75Sn0.25Te particles. The coating was
found to be uniform and easily to control. The effect of interdiffusion was marked when
the temperature was above 400°C. The thermoelectric property and the fabrication
method of the nanocomposite made by the coated µm-sized particles will be discussed in
the next chapter.
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Other surface modification techniques
1. Surface etching

Introduction
In the spirit of the previous discussion, we extend this surface coating idea to a much
broader field. Essentially, any chemical or physical change of the surface of the particles
in a nanoscale can potentially be used for grain boundary engineering. Immediately, we
thought that surface etching could directly form nanostructures on the surface of the PbTe
particles. With this method we do not need to mechanically mix the nanostructures with
the bulk matrix granules. When mechanically mixing nanostructures with the bulk
matrix, it is hard to ensure the homogenous dispersion of the nano structures in the
matrix. Therefore, surface etching is a preferable way to make nanocomposites.

Experiment
The diluted NaOH solution was used to treat the surface of the PbTe particles. Diluted
NaOH solution 3 mmol was mixed with 0.5 g of Pb0.75Sn0.25Te CVD-grown micron
particles. The mixture was filled to 75% capacity of the Teflon liner in the autoclave.
After sealing the autoclave, it was heated to 150°C for 24 hours. Finally, the products
were filtered, washed with distilled water, ethanol, and acetone, and dried via pumping
under ambient conditions for further investigation.
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Results and discussion
Fig 3.11 reveals the morphology change of Pb0.75Sn0.25Te. The surface was roughened
dramatically. Looking carefully, the surface was comprised of some small islands ranging
from 50 nm-400 nm.

XRD and EDX showed no evidence of the second phase.

Therefore, the small islands should have the same chemical composition and crystal
structure as Pb0.75Sn0.25Te. The surface etching of the NaOH solution caused the
formation of the small islands on the surface of the micron-size particles, because defects
on the surface were more vulnerable to the alkali solution.

2. Surface coating Te nano rods on PbTe

Introduction
There has been a report on the enhanced TE properties of PbTe/Te superlattices [45].
Essentially, based on this previous research, the power factor of the material is enhanced
by a favorable carrier scattering mechanism caused by the Te nanolayers. In this research,
the thermal conductivity of the PbTe/Te superlattice was not measured. However, we
believe that the thermal conductivity could largely be reduced by the phonon scattering of
Te because PbTe and Te have very different crystal structures and elastic modulus. So we
plan to fabricate Te nanostructures on the surface of Pb0.75Sn0.25Te granules. After
hotpressing Pb0.75Sn0.25Te granules that are coated by Te nanostructures, the Te
nanostructures will remain at the grain boundary. So we can expect the ZT will increase.
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Experiment
The reductant NaBH4 could react with the surface of the PbTe particles, reducing the Te2to Te so as to form Te nanostructures on PbTe. After hotpressing, those Te nanostructures
could melt and form coating layers. The bulk reference material Pb0.75Sn0.25Te was grown
using a solid-state reaction of a stoichiometric amount of PbTe (99.999%, Alfa Aesar)
and SnTe (99.999%, Alfa Aesar) at 1173 K for 96 hours in an evacuated quartz tube.
Intermediate grinding was performed in order to promote homogeneity in the powder.
Following this heat treatment, the samples were allowed to cool naturally. Then the asgrown cast alloy was pulverized and divided into three equal portions to be used as the
bulk reference material. In a subsequent alkali metal hydrothermal treatment process, an
admixture of 6 mmol NaOH (KOH), 3 mmol NaBH4 (KBH4), 35 ml distilled water, and ~
2.5 g of Pb0.75Sn0.25Te bulk reference powder were loaded into a 45 ml Teflon-lined
autoclave. The autoclave was then sealed and maintained at 150°C for 36 hours. After a
slow furnace-cooling process, the precipitates were washed alternately with distilled
water, ethanol, and acetone by a pumping filter system and were dried in a vacuum. The
single-phase nature for each of the three samples was confirmed by X-ray powder
diffraction (XRD) measurements. The fracture surface of each hotpressed sample was
observed on a Hitachi S4800 field-emission scanning electronic microscope with an
energy dispersive X-ray spectroscopy (EDX) option.
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Results and discussion
Fig 3.12 reveals that the nanorod was about 20-30 nm wide and 200-300 nm long. These
nanorods covered on the surface of the Pb0.75Sn0.25Te granules. Because Te had a trigonal
crystal structure (a: 445.72 pm b: 445.72 pm c: 592.9 pm) in space group P3121, it was
possible for the Te to develop a rod-like morphology in nanoscale dimensions. To verify
the composition of these nanorods, a series of experiments were conducted. In regular
samples, the amount of the nanorod was too small to be detected by our XRD
spectrometer. So we used smaller sized (submicron) Pb0.75Sn0.25Te particles mixed with
more concentrated chemicals to conduct the treatment. By doing so, we could enlarge the
yield of the nanorods in the final product, expecting the XRD to be able to detect the
phase of the nanorods. The XRD patterns in Fig 3.13 show three new small peaks at
23.041°, 38.505° and 40.548° that were present shown in the regular samples. The three
peaks corresponded to the Te element according to PDF#044-0925. In addition, the wide
FWHM (0.471° and 0.513° for peaks at 38.505° and 40.548°) indicated that Te is on the
nanoscale. And there was another very weak peak at 34.040°, which was consistent with
the SnO2 peak. However, no other peaks of SnO2 were found. And from the narrow
FWHM, the size of the material was not in the nano range, and the amount of the material
was also small due to the low intensity of the weak peak. So we ignored this small peak
at the preset stage. Differential scanning calorimeter (DSC) measurements revealed that
there was some material melting at 410°C. We listed all of the possible existing phases
including Pb, Te, Sn. PbO, SnO and PbSnTe, and we found that only Te has a melting
point of 450°C, which is closest to 410°C. It is quite possible that the nano phase of Te
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could have a lower melting temperature than the bulk material. Therefore, the DSC
results also supported the statement that the nanorod was Te. By this point, we already
had XRD and DSC results that were consistent with our hypothesis that nanorods were
Te. But this point, we were still lacking direct proof. Thus, HTEM was also utilized to
verify our hypothesis. The sample for HTEM had to be ball milled as small as possible.
Therefore, some nanorods were separated from the matrix granules. Otherwise, those
nanorods stacked on the Pb0.75Sn0.25Te matrix granules. EDX showed the most element
information for Pb0.75Sn0.25Te matrix granules other than the nanorods because the
penetration depth of the electron beam used by EDX is 1-2 µm and the nanorods layer
was only 100 nm thick. The nanorod samples examined via line scan or smart map
analysis of EDX were all confirmed to be Te. Based on all of this the evidence, we
verified that the composition of the nanorods was Te.

Conclusion
Te nanorods (20-30 nm wide and 20-300 nm long) were successfully coated on the
Pb0.75Sn0.25Te large granules. The TE properties and fabrication method of the
nanocomposite made by hotpressing the Te nanorods coated large granules will be
discussed in chapter 4.
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Fig 3.1 Schematic picture for the hydrothermal synthesis of
nanostructures

\
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Table 3.1 Synthesis information of hydrothermally grown PbTe particles
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Fig 3.2 XRD pattern of hydrothermally grown PbTe nanoparticles
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Fig 3.3 Representative FESEM images of PbTe nanoparticles
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Fig 3.4 A nanorod-containing FESEM image taken from sample
D (left) and an elemental line scanning EDS of a nanorod (right)
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Table 3.2 Information about the surfactant assistant growth of PbTe nanoparticles

88

Fig 3.5 Representative images taken from the samples grown by a surfactant-assistant
hydrothermal method.
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Fig 3.6 PbTe chain-like nano assembly fabricated by surfactant-assistant
growth
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Fig 3.7 Petal-like PbTe nano pattern structures made
by using the surfactant-assistance method
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Fig 3.8 SEM images before and after process, a layer of unknown composition and
thickness formed on the surfaces of the matrix particles.
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Fig 3.9 Spatial elemental distribution of all constituents clearly indicates
the formation of a uniform thin layer of PbSe
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Fig 3.10 The XRD patterns for the as-grown sample, the sample after annealing at 300°C
for 1 hour and the sample after annealing at 400°C for 1 hour.(from top to the bottom)
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Fig 3.11 The morphology change of the sample before and after the NaOH
hydrothermal treatment.
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Fig 3.12 Te nanorods coated on the surface of Pb0.75Sn0.25Te large
particles
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Fig 3.14 EDX smart map and line scan analysis of the element on
the nanorods samples
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CHAPTER FOUR
Investigation of the Thermal and Electrical Transport Properties of PbTe
Nanocomposites

To enhance the TE properties of the PbTe nanocomposite material, we did a series of
experiments. At each stage of the work, each success seemed to be followed by some
additional hurdle. When one a problem was solved, it seemed that a new problem would
appear. However, it was just in this manner that we furthered our understanding about the
TE properties of PbTe nanocomposites in several aspects, especially with respect to grain
boundaries. I will discuss our experiments chronologically of our research approach,
demonstrating how we advanced step by step.

4.1 The Nanocomposite Made by Ultrafine PbTe Nanocrystals

Introduction
Originally, inspired by Dr. Dresselhaus's paper [46], we prepared PbTe nanocrystals of
different size ranges using the CVD method that we described in chapter two.
Subsequently, a hotpressing technique was used to consolidate the PbTe nanocrystals
together in order to form pellets. During the hotpress process, the temperature, pressure,
and time were carefully selected to prevent the nanocrystals from growing bigger. We
expected that the size effect could affect the TE properties. We fully expected that the
phonon scattering by grain boundaries would reduce the thermal conductivity of the PbTe
nanocomposite. And usually grain boundaries would increase the Seebeck coefficient and
decrease electrical conductivity. However, the main question was if grain boundaries
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ultimately benefit the TE properties or not. To answer this question, we conducted the
following experiments.

Experiment
We used the hotpressing process in order to consolidate the CVD as-grown powders into
pellets. The hotpress apparatus (Model HP20-4560-20) was purchased from Thermal
Technology Inc. The SEM pictures for the fracture surface of the samples were taken
with the Hitachi SEM-4800. Mobility and carrier concentration were measured by Hall
measurements taken with the Quantum Design PPMS (Physical Properties Measurement
System).

The electrical resistivity and thermopower were measured concurrently over a
temperature range of about 8 K to 310 K using a custom-designed apparatus that was
described previously [47]. This apparatus employs a closed-cycle refrigeration
(cryocooler) system and numerous electronics that are interfaced to a personal computer
via a GPIB connection and automated using LabVIEW® software. The thermoelectric
voltages and the temperature gradient were determined by soldering the sample between
two copper blocks to which a differential thermocouple and a heater are attached and by
measuring the appropriate voltages as a function of the temperature gradient. Resistivity
was measured using the standard four-probe technique, and the direction of current was
reversed to subtract off any thermal voltages. The sample current was determined by
measuring the voltage across a standard resistor in series with the sample. A temperature
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gradient of 5K or some percentage of the sample temperature (typically 2-5%) was
produced along the length of the sample by a 100 Ω chip resistor and measured by a 3 mil
AuFe (0.07 at. % Fe) versus a Chromel differential thermocouple. A measurement
sequence was performed about every 60 seconds, which consisted of two thermopower
measurements and two resistance measurements occurring while the sample was cooled
or warmed at a rate of less than 1K/min. The current was pulsed over an interval of no
more than 1 sec for the resistance measurements in order to eliminate any contributions
of the Peltier effect. This measurement sequence required much less than 1 minute
during which the overall temperature changed less than 1 K. The thermopower was
calculated by the ratio of the thermoelectric voltage to the temperature gradient while
zero current was injected. The resistive voltage was measured twice with a current of 50100 mA injected in opposite directions, and these results were subtracted and averaged to
remove the thermoelectric voltage.

Results and Discussion
Fig 2.1 and Fig 4.1.1 reveal the representative particle size and morphology of samples
before and after the hotpressing process. It is clearly indicated that after hotpressing, the
nanoparticles retained their original size, but the cubic shape of the original particles
deformed to some extent due to the temperature and pressure. We can see that the grain
size of bulk PbTe material was much larger than other samples made by CVD-grown
PbTe nanocrystals. The density of the samples is listed on the corresponding SEM
pictures. The bulk PbTe sample had the highest density, 95% of PbTe ideal density
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(8.2g/cm3). The lowest density was the PbTe 200nm sample, 89% of the ideal density.
The smaller grain sample had a lower density because there were more voids in smaller
grain samples than the larger grain samples as shown in Fig 4.1.1.

Fig 4.1.2 is plotted for the thermal conductivity of the samples. Because all of the
samples were highly resistive (~10mΩ-cm), the charge carrier contribution to the thermal
conductivity can be neglected according to the Wiedemann-Frantz relationship. The
tendency was that the thermal conductivity was reduced systemically as a function of
grain size. The reduction of thermal conductivity was pronounced at the low temperature
range (<50 K). However, when the temperature was increased, the thermal conductivity
reduction became less evident. The explanation is that the dominating wavelength of
phonons is a function of the temperature in most crystals. Typically, a lower temperature
corresponds to a longer wavelength of phonons. If the wavelength of phonons is longer
than the grain size, the grain boundary scattering of phonons is more dominating than
other scattering mechanisms. This is the reason why the thermal conductivity decreased
evidently with diminishing grain size in the low temperature range (from 11 K to 60 K).
With the increase of temperature, when the phonon wavelength became smaller than the
grain size, the phonon-phonon scattering, namely "U process", started to dominate in the
phonon scattering mechanisms. Therefore, the thermal conductivity reduction in terms of
grain size became less pronounced.
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Because the thermal conductivity data for all of the samples at room temperature was
very close, we had to take the density difference into account when comparing the
thermal conductivity data of the samples in order to exclude the possibility that the
thermal conductivity reduction was caused by density difference. An effective estimation
for the thermal conductivity of porous samples is to use the measured thermal
conductivity data of the porous sample multiplied by the ratio of ideal density/sample
density. This estimated thermal conductivity is approximately equal to the thermal
conductivity data for the samples without voids.
TCestimated= TCmeasured x (ideal density/sample density)
This estimation was only valid for the cases in which the density of the porous samples
was above 90% of the ideal density [48]. By using this method, the estimated thermal
conductivity data at 300 K for the samples were: 2.39W/mK (bulk), 2.20W/mK (1 µm),
2.21W/mK (0.5 µm), and 1.96W/mK (200 nm). The experiment error of the thermal
conductivity measurement was 5%. Compared to the bulk sample, the thermal
conductivity reduction percentages, i.e. 13% for the 200nm sample, 9% for the 1 µm and
0.5 µm samples, were higher than the experiment uncertainty (5%). Thus, we were very
confident in saying that the thermal conductivity of small grain samples was reduced at
room temperature, even though the reduction magnitude was very small.

Based on the discussion above, the immediate and natural idea was to reduce the
nanoparticle size to see if we could further reduce the thermal conductivity at room
temperature. Ideally, we hoped to reduce the thermal conductivity at the operation
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temperature for PbTe at 400 K - 800 K. However, we had to examine the electrical
properties of the samples to see the effect of grain boundaries on the electrical properties.
Fig 4.1.4 shows the Seebeck coefficient for the bulk PbTe, 0.5 µm, and 200 nm samples.
The Seebeck coefficient was enhanced by decreasing the particle size. This result is
consistent with the Hall carrier concentrations as shown in Table 4.1.2. Meanwhile, Fig
4.1.3 illustrates that a higher resistivity corresponds to a higher Seebeck coefficient. At
the low temperature, the extremely high resistivity for the 0.5 µm and 200 nm samples
can not be completely explained by the carrier concentration difference. When the
temperature was higher than 150 K, the three samples' resistivity became closer to each
other but still was an order of magnitude different. We think that the grain boundaries
could behave like energetic barriers. Below 150 K, the carriers did not have enough
energy to overcome the barriers. Consequently, the carriers were trapped in the grain.
With an increase in temperature, the thermal energy started to activate increasingly more
carriers to go through the barrier, contributing to the electrical conductivity. That is why
we saw the resistivity decrease dramatically with the temperature change. To confirm our
assumption, we conducted an experiment to measure the resistivity under different
voltage drop levels for the 200 nm sample. The results showed a non-ohmic behavior in
the low temperature range as shown in Fig 4.1.5. The resistivity at the same temperature
dropped with increasing the voltage difference because a higher voltage difference across
the sample provided more electrical energy to move the charge carriers through energetic
barriers caused by grain boundaries.
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However, at room temperature, the resistivity for the fine grain samples was still one
order of magnitude larger than that of the bulk material. According to the Hall
measurement, we found that both the carrier concentration and carrier mobility at the
room temperature decreased along with the reduction of the grain size. The variation of
the carrier concentration could be caused from the two possible reasons: (1) Due to the
semiconductor nature of PbTe, the carrier concentration is mainly determined by
impurities. Herein, in the PbTe system, the main impurities determining the carrier
concentration are the vacancies of Pb or Te, which are hard to control during the CVD
growth process[49]. (2) A large amount of grain boundaries trapped numerous carriers.
Thus, the amount of effective conducting carriers decreased. Another issue related to the
nanocomposite is the surface oxidation which is inevitable when the PbTe nanoparticles
are exposed to air. These surface oxidation layer could also serve as a barrier scattering
charges carriers. At this point, we did not have the capabilities to measure the thickness
of the oxidation layers. However, the oxidation of the granule's surface was always a
concern for the polycrystalline material.

The enhancement of the Seebeck coefficient could not offset the huge loss from the
electrical conductivity. Consequently, the power factor becomes much smaller than that
of the bulk PbTe as shown in Fig 4.1.6. Even though thermal conductivity is reduced to
some extent, overall the figure of merit deteriorated too much.
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Conclusion
Based on the experiments and analysis above, the factors deteriorating the ZT are thought
to be as follows: (1) Pure PbTe was not suitable for making nanocomposites. The carrier
concentration was subject to impurities. Because it was very difficult to control the
impurities in the CVD system, the carrier concentration changed from sample to sample.
ZT was a function of carrier concentration; therefore, the samples were not comparable to
each other to much of an extent. (2) In the PbTe system, the mobility decreases much
faster than the decrease of the lattice thermal conductivity due to the influence of grains.
To enhance ZT by reducing grain size, we expect that the coherence length of the phonon
scattering centers is less than the mean free path of phonons and longer than the mean
free path of charge carries. However, PbTe has a high mobility (750cm2/Vs single
crystal), which corresponds to a long mean free path of carriers [50]. We think that in the
PbTe system, the mean free path of charge carriers is longer than the mean free path of
phonons. This statement is consistent with our experiment results that the mobility of fine
grain samples decreased faster than the lattice thermal conductivity. A similar conclusion
actually has been given by J. Sharp et al. [51]. In the dissertation, they assert that grain
boundary scattering will be beneficial for those materials having a low carrier mobility,
such as the half-Heusler Zr0.5Hf0.5NiSn. In typical half-Heusler systems, the mobility is
just 30-40 cm2/Vs. Therefore, the mean free path of phonons is longer than that of the
carriers in half-Heusler structured materials. If the grain size is larger than the mean free
path of carriers and smaller than the mean free path of phonons, phonons will be scattered
more intensively than carriers; consequently, the ZT can be enhanced. According to the
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paper, in contrast, the TE property of Bi2Te3 that also has a high mobility will not benefit
from grain boundary scattering. (3) According to our experiment results, the grain
boundary scattering did not reduce the lattice thermal conductivity effectively at room
temperature. The desired reduction of thermal conductivity should be more than 20% and
take place at the temperature range from 400 K-800 K for the thermoelectric operation of
PbTe in order to effectively improve ZT.

However, it was not possible to enhance ZT by further reducing the particle size because
the mobility was already harmfully affected at the 200nm range. We need to find a new
way to solve the three problems to advance in the PbTe nanocomposite thermoelectric
research.

107

Fig 4.1.1 Morphology of the PbTe hotpressed samples made by 200nm, 500nm,
1micron, and bulk material
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Fig 4.1.2 Thermal conductivity of the PbTe samples made by 200 nm,
500 nm, 1 micron, and bulk material (30 micron)
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Fig 4.1.3 Resistivity of the PbTe samples containing the grains of 200 nm, 500 nm,
and 1 micron
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Fig 4.1.4 Seebeck coefficient of PbTe samples containing the grains of 200 nm,
500 nm, and 1 micron
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Fig 4.1.5 Resistivity of the PbTe sample containing the grains of 200nm
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Fig 4.1.6 Power factor of the PbTe samples fabricated by bulk, 200nm and 500nm
grains
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Table 4.1.1 Thermal conductivity of PbTe samples of different grain size
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Table 4.1.2 Hall mobility and carrier concentration of PbTe samples of
different grain size
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4.2 The Pb0.75Sn0.25Te Nanocomposite Containing Pb0.75Sn0.25Te0.75Se0.25
Nanoparticles

Introduction
There are three problems that arose from the previous study discussed in Chapter 4.1. We
thought the possible strategy for solving the three problems could be: (1) since the carrier
concentration for pure PbTe was hard to control, we will choose the doped PbTe,
Pb0.75Sn0.25Te, as the bulk material. Pb0.75Sn0.25Te is also reported as a promising TE
material for the temperature range of 450 K to 600 K [52]. The carrier concentration is
mainly controlled by the doping level of Sn; therefore, as long as the Sn ratio is the same,
the carrier concentration should be relatively stable. (2) Because the small grain size
detrimentally affects the carrier mobility of the PbTe material, we will use the
nanoparticles mixed with the bulk matrix instead of directly hotpressing just the
nanoparticles. Hopefully, the bulk matrix can help maintain the mobility as much as
possible, and the nanoparticles will behave like scattering centers for phonons to reduce
the thermal conductivity. (3) To effectively scatter phonons and preserve mobility, we
think the scattering centers should have different lattice constants but similar chemical
potentials so that the charge carriers can go through the boundary of the two materials
more easily than phonons. Based on this idea, we chose the CVD-grown 200nm
Pb0.75Sn0.25Te0.75Se0.25 as the nano phase mixed with the Pb0.75Sn0.25Te matrix material
which are actually large granules with a size of 20 micron to 50 micron. The lattice
constant of the matrix is 6.42Å and lattice constant of the nano phase is 6.35Å. According
to the literature, the Se substitution on the Te site of PbTe only changes the lattice
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constant but does not change the band symmetry [53]. Therefore, the electric properties
of the matrix and nano phase should be very close. Thus, we think the matrix and nano
phase materials fit our strategy. Therefore, we conducted the following experiments.

Experiment
Important information about all of the nanocomposite samples, regarding hotpressing
parameters and densities, are listed in Table 4.2.1. The samples, Pb0.75Sn0.25Te containing
different weight ratios of 200nm Pb0.75Sn0.25Te0.75Se0.25 nanoparticles (named the N
series), were prepared. Pb0.75Sn0.25Te0.75Se0.25 nanoparticles obtained by the CVD method
are shown in Fig 4.2.1 demonstrating the uniform size distribution of the sample. The asgrown nanoparticles are mixed with the above-mentioned matrix material Pb0.75Sn0.25Te
by a mixer (Glenmills CH-4005) for half an hour, followed by hotpressing at the 350oC
and 5MPa. For the nanocomposites and the bulk samples, we adopted identical
hotpressing parameters in order to obtain similar grain boundaries, only preserving the
nanostructures but also making all samples comparable. The grain boundaries are
comprised of many defects, such as interstitial atoms, voids, vacancies, broken bonds,
and strained bonds. Thus, the same grain boundaries refer to those that have the same
distribution of these defects spatially and quantitatively. In hotpressed polycrystalline
samples, the pressure and temperature are first-order factors determining the grain
boundary. Therefore, in our case, statistically speaking, we thought that the matrix part of
all the samples had very similar grain boundaries. Thus, the information regarding the
influence of the nano phase on the sample's TE properties could be gathered from the
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comparison between the nanocomposites and the bulk material. These hotpressing
parameters and conditions were not developed for achieving the best thermoelectric
properties of the bulk Pb0.75Sn0.25Te. From Table 4.2.1, we can see that the density
difference among all of the samples was less than 4%. Only the N2 sample was an
anomaly. So the density difference could be considered a second-order effect on TE
transport properties as compared to the overall effect of the nano phase. It was also
notable that, based on the density data, a sample containing more nanoparticles had a
smaller density, although the difference of the sample density was not pronounced. SEM
and X-ray diffraction technique were employed to verify the existence of the nano phase
after hotpressing.

We estimated the carrier thermal conductivity κe via the Wiedemann-Franz-Lorenz
relation: κe = L0σT, where L0 is Lorenz number L0 = 2.45 × 10-8 V2⋅K-2 (1), σ the
electrical conductivity, and T the temperature in the unit of Kelvin. The lattice thermal
conductivity κph was then deduced from the simple relation κ = κ e + κ ph . Low
temperature (10 K < T < 300 K) Seebeck coefficient and electrical resistivity data were
collected simultaneously on a custom-designed measurement system [54]. Hall effect
measurements were performed on a Quantum Design® Physical Properties Measurement
System (PPMS) using a 5-probe configuration by sweeping the magnetic field between ±
1 Tesla at each temperature, and the carrier concentration as well as the mobility were
calculated from the Hall data by n = −1 RH e and µ = 1 neρ , respectively, where RH is
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the Hall coefficient, e is the electron charge, n is the carrier concentration, ρ is the
electrical resistivity, and µ is the carrier mobility.

Results and discussion
Because PbSnTe and PbSnSe can form a solid solution with any ratio according to the
phase diagram [55], we had to test the stability of the nanostructures in a hotpressing
environment. The XRD of the sample, which were hotpressed at different temperatures,
were studied as shown in Fig 4.2.2. This sample for XRD was made of 90% bulk
Pb0.75Sn0.25Te mixed with 10% Pb0.75Sn0.25Te0.75Se0.25 nanoparticles. We could see that
before hotpressing there were two sets of peaks belonging to Pb0.75Sn0.25Te and
Pb0.75Sn0.25Te0.75Se0.25 respectively. Because these two materials shared the same crystal
structure and had close lattice constants, the two sets of peaks at the lower angle are too
close to be distinguishable. However, for the higher angle peaks, the two sets of peaks
were separated. When the hotpressing temperature is increased, the two sets of peaks
merged into each other; however, the unsymmetrical shape of these peaks indicated the
existence of the second phase of Pb0.75Sn0.25Te0.75Se0.25 at 400°C. We concluded that the
diffusion of Se is inevitable in this binary system at a high temperature. Nonetheless, by
choosing a moderate temperature, the nanostructures still could be largely preserved
when the sample was densified. We thought that there was a diffusion layer with a
composition gradient forming between the nanoparticles and the bulk matrix granules.
Yet, because of the diffusion, high temperature measurements could not be conducted.
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Fig 4.2.3 and Fig 4.2.4 are the resistivity and Seebeck coefficient plots as the function of
temperature, showing that with the increase of the nano phase ratio, the samples had the
same tendency of a more resistive sample corresponding to a higher seebeck coefficient.
These findings are in the agreement with the Drude model for the resistivity and Seebeck
coefficient of heavily doped semiconductors. According to the Drude model, resistivity is
inversely correlated to the Seebeck coefficient. Adding nanoparticles obviously decreases
electrical conductivity and increases the Seebeck coefficient. The question is if the
changes of the Seebeck coefficient and resistivity can maintain the same or achieve a
higher power factor. According to Fig 4.2.5, N2 (5%), N3 (10%), and N1 (2%) kept
almost the same power factor as compared to the bulk sample, and N4 (15%) had a lower
power factor. This indicates that the optimal ratio of the nano phase to preserve the power
factor was less than 10% in weight. We were concerned that the nanoparticles would
congregate together. If so, the electrical flow could bypass the nanostructure
conglomerations; consequently, the influence on the electrical and thermal transport
properties would be minor or negligible, especially for a small addition of nanoparticles,
such as 2% and 5%. However, our results showed that this concern was not necessary
because the addition of nanoparticles not only affected the transport properties but also
affected them systematically. Thus, we can conclude that the conglomeration did not
significantly diminish the effect of the nano phase on TE properties.

The change of the Seebeck coefficient and resistivity indicated that an additional
scattering mechanism was introduced by the nanoparticles. To further study the
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nanoparticles' influence on the electrical properties, we did a Hall mobility measurement
and conduct an analysis. A formula is used to normalize the resistivity data.
R ( scaled ) =

R(T ) − R(10 K )
. R(T) is the resistivity in terms of temperature. R(10K)
R(300K ) − R(10 K )

is the sample resistivity at 10K. And R(300K) is the sample resistivity at 300K. From the
normalized resistivity data in Fig 4.2.6, the resistivity of all of the samples followed very
similar temperature dependent behavior. Furthermore, back to the real resistivity data in
Fig 4.2.3, we found that when more nanoparticles are in the system, the “baseline” for
resistivity data was enhanced, indicating that the scattering mechanism introduced by the
nanoparticles was weakly temperature dependent. The Hall mobility measurements for all
the samples were measured for the investigation.

In the degenerate semiconductor material, the main possible scattering mechanisms for
charge carriers were the scattering of neutral impurity, ionized impurity, grain boundary,
and acoustical phonon. These scattering mechanisms were independent of each other, and
each scattering mechanism followed different temperature dependent behavior. Thus, the
mobility
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where the temperature dependence goes as: neutralized impurity: µn ~ T0, Acoustic
phonon:

µi~T1.5,

µg~ T − 0.5 Exp ( −
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impurity:
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boundary

scattering:

EB
) [56]. One way to qualitatively judge which scattering mechanism
k bT
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dominated the electrical properties was to investigate the temperature dependence
behavior of the Hall mobility data as shown in Fig 4.2.7. In the high temperature range
(> 150 K), all of the samples visually follow T-1.5 dependence line (the dashed line),
indicating that the acoustic phonon scattering mechanism was dominating in this
temperature regime for all of the samples. On the other hand, in the low temperature
range (< 150K), the bulk sample followed the T-3/2 behavior much better than the other
samples containing the nano phase. For nanocomposite samples, the mobility tail in the
low temperature range became leveled, systematically deviating from the T-3/2 behavior.
This means that in the low temperature range, the mobility of the nanocomposites did not
obey the acoustic phonon scattering. Our next step was to find out what was the main
scattering mechanism in the low temperature range. Considering that there were many
grain boundaries in the nanocomposite, we thought that the possible scattering
mechanism in the low temperature range was grain boundary scattering. The formula
(4.2.2) describes the mobility behavior for grain boundary scattering. EB is the average
energetic barrier between grains, m* is the effective mass, kB is the Boltzmann constant,
and l is the mean grain size.

µ=

el
8K BπTm *

exp( −

EB
) ((4.2.2)
K BT

We used this formula (4.2.2) to fit the low temperature carrier mobility data. Fig 4.2.8 is
an Arrhenius plot of ln (µT0.5) vs. 1/KBT at the low temperature. If samples had the same
effective mass, the intercept of the plots would be positively correlated with the grain
size, and the slope of the plots would represent the energetic barrier that the charge
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carriers need overcome to move from one grain to another. In our case, we assumed that
the effective mass among the samples is very similar. According to Fig 4.2.8, the
mobility of the samples all follow a linear behavior which means the grain boundary
scattering of phonons was the dominating mechanism in the low temperature range. Also,
the slope of the plots increased systematically with the addition of nanoparticles. B
sample (bulk): 0.795meV, N1 sample (2% nano): 1.14meV, N2 sample (5% nano):
1.30meV, N3 sample (10% nano): 1.45meV and N4 sample (15% nano): 1.63meV. The
explanation behind the monotonically increased slopes is that more nanoparticles
introduced more grain boundaries, leading to a higher average energetic barrier. This
grain boundary scattering mechanism could be thermoelectrically favorable if the thermal
conductivity can be reduced because the power factor is about the same for the N1, N2
and N3 samples.

The total thermal conductivity and the lattice thermal conductivity data are presented in
Fig 4.2.9 and Fig 4.2.10. The lattice thermal conductivity was calculated by subtracting
the carrier thermal conductivity from the total thermal conductivity using the
Wiedemann-Frantz relationship (κl = κT-LoσT). By incorporating more nanoparticles in
the matrix, both the total thermal conductivity and the lattice thermal conductivity
decreased. The slightly lower density of the nanocomposite samples could reduce the
thermal conductivity to some extent. However, the main reduction of the thermal
conductivity should be from the phonon scattering by the nanoparticles.
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Therefore, the idea of adding nanostructures as phonon scattering centers was proven to
be effective in the Pb0.75Sn0.25Te system. The power factor was maintained as the same as
the bulk materials, and the thermal conductivity was effectively reduced. ZT was
successfully improved as compared to the Pb0.75Sn0.25Te reference material at room
temperature as shown in Fig 4.2.11. However, it was unfortunate that we still did not
solve the Se diffusion problem. Thus, at this point, the thermal and electrical property
measurements stopped at room temperature.

Conclusion
Pb0.75Sn0.25Te

nanocomposites

were

fabricated

by

mechanically

incorporating

Pb0.75Sn0.25Te0.75Se0.25 nanoparticles (200nm) into a Pb0.75Sn0.25Te bulk matrix. A
hotpress technique was utilized to solidify the samples at the same conditions to ensure
the comparability of all the samples. The TE properties of these nanocomposites were
studied. This approach led to an enhanced ZT at 300 K as compared to the bulk matrix
material. Our technical route was to utilize nanostructures that have a similar electrical
property but different lattice constants the bulk matrix to selectively scatter charge
carriers and phonons. This technical route was proven to be effective by our experiments.
However, we still need to address two issues of this approach: (1) mechanically mixing
the nanoparticles with the matrix granules made it impossible to ensure the homogenous
dispersion of nanoparticles in the matrix. These nanoparticles tended to conglomerate
together and stay in the voids formed by the matrix granules. The electrical flow and the
heat flow very easily bypassed these nanoparticles aggregations. Thus, the isolated
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nanoparticle aggregations in the matrix affected the TE properties less effectively than
the sample in which nanoparticles were distributed homogenously in the matrix. (2) The
Se diffusion issue prevents the usage of the nanocomposite at a higher temperature range.
Our next work tried to solve these two problems.
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Table 4.2.1 Hotpress parameters of the PbSnTe nanocomposite samples
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Fig 4.2.1 SEM picture of Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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Fig 4.2.2 XRD pattern of the Pb0.75Sn0.25Te matrix granules mixed with
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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Fig 4.2.3 Resistivity data of the Pb0.75Sn0.25Te nanocomposite containing
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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Fig 4.2.4 Seebeck coefficient of the Pb0.75Sn0.25Te nanocomposite containing
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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Fig 4.2.5 Seebeck coefficient of the Pb0.75Sn0.25Te nanocomposite containing
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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Fig 4.2.6 Scaled electrical resistivity of the Pb0.75Sn0.25Te nanocomposite containing
R (T ) − R(10 K )
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles. R ( scaled ) =
R(300 K ) − R(10 K )
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Fig 4.2.7 Hall mobility of the
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles

Pb0.75Sn0.25Te

133

nanocomposite

containing

Fig 4.2.8 Arrhenius plot of ln(m*T1/2) vs. 1/(kBT) of the Pb0.75Sn0.25Te
nanocomposite containing Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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Fig 4.2.9 Total thermal conductivity of the Pb0.75Sn0.25Te nanocomposite containing
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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Fig 4.2.10 Lattice thermal conductivity of the Pb0.75Sn0.25Te nanocomposite containing
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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Fig 4.2.11 Figure of merit of the Pb0.75Sn0.25Te nanocomposite containing
Pb0.75Sn0.25Te0.75Se0.25 nanoparticles
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4.3 Pb0.75Sn0.25Te Thermoelectric Nanocomposites by the Nano Surface Coating
Technique

Introduction
As we discussed in the previous chapter, the topological characteristic of the
nanostructure distribution in the matrix is a very important factor in the TE property of
nanocomposite materials. The aggregated nanostructures, which are isolated in the
matrix, could not have a significant effect on the TE property because the electrical flow
and heat flow can easily bypass the nano inclusions. In contrast, if these nanostructures
are distributed to completely cover the grains, most of the heat and electrical flow would
preferentially transport along or across the nanostructures due to the geometry restriction,
which one would expect to result in significant changes in the thermoelectric properties.
In order to maximize the influence of the nanostrutures on the electrical and thermal
transport properties, we propose to fabricate or engineer nanostructures onto the grain
boundaries.

To generate the thermoelectrically favorable charge carrier and phonon scattering in the
nanocomposite, we carefully chose Pb0.75Sn0.25Te as the bulk matrix material and
Pb.75Sn.25Se as the nano phase material. Pb0.75Sn0.25Se and Pb0.75Sn0.25Te both are
inherently good thermoelectric materials, having a very similar electronic properties but a
different lattice constant (6.42Å for Pb0.75Sn0.25Te and 6.15Å Pb0.75Sn0.25Se) [57]. The
similar electronic structure of these two materials ensures less scattering of charge
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carriers while the mismatched lattice constant should presumably cause more phonon
scattering.

From the fabrication point of view, the proposed route for the synthesis of PbTe
nanocomposites is essentially based on the chemical vapor deposition (CVD) [58] and
hydrothermal growth method [57], both of which have been proven to be very effective
techniques in growing a wide variety of nanostructures. CVD is first employed to prepare
the "seed" particles which are single crystal Pb0.75Sn0.25Te micron-sized particles. Then
the hydrothermal method is utilized to fabricate a 10-100 nm thick surface layer of
Pb0.75Sn0.25Se on the "seed" particles. After hotpressing these coated "seed" particles,
these Pb0.75Sn0.25Se nanolayers will be distributed at the grain boundaries. Therefore the
thermal and electrical properties can be tuned by choosing the chemical composition and
the thickness of the nanolayers and the "seed" particles. This method is successfully
utilized in the Pb0.75Sn0.25Te system in order to enhance the thermoelectric figure of
merit.

Not restricted merely on the investigation of PbTe system, this coating idea and technique
route can be extended to a much broader scope of materials. In our research group,
CoSb3, one of the superior high temperature thermoelectric materials, is another
successful example. By plating homologous CoSb3 nanoparticles onto the grain
boundaries of polycrystalline CoSb3 matrix using hydrothermal method, the thermal
conductivity is systematically reduced with the ratio of nanostructures at the grain
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boundaries.[59] Generally speaking, the micron-sized “seed” particles could be obtained
by many methods, such as PVD (Physical Vapor Deposition), Sol-gel, or even ball
milling. The coating method could be inspired from many well-known and wellestablished techniques such as hydrothermal method, solvent-thermal method or surface
diffusion. Essentially, any modification or treatment, which can chemically or physically
affect the surface of the micron-size particles on the nano scale or produce nanostructures
adhering on the surface of the micron-size particles, could be considered to be applicable
in this nano surface coating route for the fabrication of bulk size thermoelectric
nanocomposites. We think that the nanostructures, which can preferably affect TE
properties in the nanocomposite, should have the following two characteristics: (1) the
crystal structure of the nano phase should be very different from the bulk "seed" material
in order to significantly scatter phonons. (2) Similar chemical potentials between the bulk
phase and the nano phase could ensure less charge carrier scattering so that the power
factor could be preserved. The size of seed particles determines the concentration of
nanolayers in the nanocomposites. For example, if 2 µm size "seed" particles are used,
there will be 5000 nanolayers/cm along one dimension, if 200nm is the size of the "seed"
particles, the density of nanolayers could be as high as 50000/cm. Therefore, once the
preferred nano layer is found, we could reduce the size of "seed" particles to maximize
the beneficial effect on TE property. However, when the size of the particles is on nano
scale, other factors such as size effects or quantum confinement effects need to be
considered.

We believe that a uniform thickness of the coating nanolayers is not

necessary for thermoelectric materials. Actually, the coating layers with different
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thickness could more effectively reduce lattice thermal conductivity by scattering the
phonons of different wavelengths. Furthermore, many other aspects such as mechanical
properties and chemical stability need to be considered. And the solution could vary for
different systems.

Experiment
The method of fabricating Pb0.75Sn0.25Se nanolayers on Pb0.75Sn0.25Te micron-size
particles were described in the chapter 3 of this dissertation. In the previous chapter, we
have carefully studied the morphology, chemical composition and crystallinity of the
coated samples. Herein information from the previous study is summarized as: 1) The 2D nanometer Pb0.75Sn0.25Se coating layers form on the micron-size Pb0.75Sn0.25Te particles
and they are crystalline and 2) There are two crystalline phases present (the seed and the
coating) below 400 °C and the two sets of XRD curves merge together above 400 °C
asserting that they inter-diffused. Herein, we will focus on the fabrication technique for
the nanocomposite using a hotpressing process.

Initially we tried to directly hotpress the coated micron-size particles. As a matter of fact;
we found that a temperature (500oC) is necessary to get a solid sample with a sufficient
density (>90% of the ideal density). However, according to our previous study [57], 400
o

C was the upper limit for the hotpressing temperature. If the hotpressing temperature is

higher than 400oC, the Pb0.75Sn0.25Se nanolayer will diffuse into the Pb0.75Sn0.25Te "seed
particles" and form a PbSnTeSe soild solution. In order to achieve a high density and also
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preserve the nanolayers, we hotpressed the coated micron size particles along with bulk
granules at a relatively lower temperature 350oC. The detailed information about
hotpressing the nanocomposite is listed in Table 4.3.1. These four samples respectively
contain 0 wt%, 12.5 wt%, 25 wt% and 50 wt% micron-size Pb0.75Sn0.25Se particles coated
with 30-nm thick nanolayers of Pb0.75Sn0.25Se. The density of the four samples is
7.72g/cm3 (0%), 7.63 g/cm3 (12.5%), 7.52 g/cm3 (25%) and 7.43 g/cm3 (50%)
respectively, demonstrating a slight difference of densified levels. The highest density is
only 3.7% different from the lowest density. Therefore, the density issue could be
neglected according our previous experience. We chose a high percentage of coated
micron-sized particles in the matrix, such as 25% and 50%, in order to have nano coating
layers distributed spatially as much as possible so as to maximize the effect of the
nanolayers on the TE transport property. Thermal and electrical transport properties of
these nanocomposites are measured on our customized measurement systems. For details,
please refer to the paper describing the various techniques. [60] To distinguish the
nanocomposites from other nanocomposite samples in this dissertation, we name these
nanocomposite samples C series.

Results and Discussion
According to the reports [61,62], the enhancement of ZT of the nanostructured
thermoelectric materials are mainly contributed from the large reduction of the thermal
conductivity rather than an increase in the power factor. In our nanocomposites
containing a different amount of nanolayers (C series sample), the total thermal
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conductivity systematically deceases with more nanolayers in the material as shown in
Fig 4.3.1. In order to compare the lattice contribution of thermal conductivity for all
samples, the Wiedemann-Franz relationship is exploited to obtain the lattice thermal
conductivity as shown in Fig 4.3.2. As we expected, the lattice thermal conductivity of
the nanocomposite is reduced effectively and systematically with increasing the amount
of the nanolayers. In the expected-case, the scattering mechanisms induced by the nano
phase could decouple the lattice thermal conductivity and electrical conductivity,
meaning that the nano phase reduces the lattice thermal conductivity while the electrical
transport property remains relatively intact. We will address the electrical properties of
the nanocomposite in the next paragraph.

The resistivity and Seebeck coefficient results are shown in Fig 4.3.3 and Fig 4.3.4. The
sample with a higher percentage of the coating nanolayers has a higher resistivity. This
trend is systematical. It is also found that when more nanolayers were in the system, the
“baseline” for resistivity data was enhanced. The resistivity of all the samples follows a
very similar temperature dependent behavior if we remove the influence of the
"baseline". This enhanced "baseline" indicates that some weak temperature dependent
scattering mechanisms, such as the neutralized impurity and grain boundary scattering,
were introduced by incorporating the nanostructures. The normalized resistivity in Fig
4.3.5 also confirms that the resistivity of the samples has almost the same temperature
dependent behavior if the "baseline" is excluded. Because these resistivity behaviors of
the C samples are very similar with those in N samples, we speculate that this added
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scattering mechanism is also grain boundary scattering. A more resistive sample also
corresponds to a higher Seebeck coefficient. Fortunately, for the power factor, the gain
from the Seebeck coefficient is more than the loss from the electrical conductivity. Thus,
the power factor is improved as shown in Fig 4.3.6. A reasonable explanation for the
enhanced power factor could be given as follows. The coating layer Pb0.75Sn0.25Se, which
has a slightly different chemical potential from Pb0.75Sn0.25Te, could create a moderate
energetic barrier as an additional scattering mechanism. This moderate energy barrier can
fill out the lower energy charge carriers. Thus, the resistivity increased and Seebeck
coefficient increased as well. However, ultimately the power factor in the
nanocomposites benefits from this scattering mechanism. The similar idea of using
scattering to filter out the charge carriers with lowest energy levels has a history as long
as that of thermoelectric studies [62]. However, the early attempts successfully enhance
the Seebeck coefficient by introducing the ionized scattering mechanism, but meanwhile,
the electrical conductivity decreases much more, resulting in a decrease of the overall
power factor [63].

The Hall mobility data of the C samples are shown in Fig 4.3.7. The similar mobility
behavior as the N samples is observed. In the high temperature range (> 150K), all the
samples visually follow T-1.5 dependence line (the dash line), indicating that the acoustic
phonon scattering mechanism was dominating in this temperature regime; on the other
hand, in the low temperature range (< 150K), the bulk sample followed the T-3/2 behavior
evidently better than other samples containing the nano phase. The mobility tail of the C
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nanocomposite samples in the low temperature range had been systematically leveled and
even suppressed down. The same formula (4.2.2) of the grain boundary scattering for
carrier mobility is applied to analyze the mobility data for the C samples. Fig 4.3.8 is the
Arrhenius plot of ln(m*T0.5)vs.1/(kBT) at low temperature (from 20K -100K). Based the
Fig 4.3.8, we also found the mobility at low temperature following the formula 4.2.2
well, indicating that grain boundary scattering is dominating in the low temperature. As
we mentioned previously, the slope of the lines in Fig 4.3.8 is the average energetic
barrier (EB) between grains. The energetic barrier in the nanocomposite is monotonically
increased with the addition of the nanolayers. The explanation of the monotonically
increased energetic barriers is that more nanolayers will introduce more grain boundary
scattering, leading to a higher average energetic barrier. The EB for bulk, C1, C2 and C3
samples are respectively 0.795meV, 1.24meV, 1.52meV, and 1.73meV. It was notable
that the energetic barrier EB of all the C samples was higher than the N series samples.
This can be explained from the two aspects. (1) The topological feature of the
nanostructure desperation in the C samples causes a higher energetic barrier because the
coating layers at the grain boundaries formed a structure which can more effectively
scatter charge carriers. (2) The chemical potential difference between the bulk and nano
phase in the C samples is larger than that in the N samples because in the C samples, the
nano

phase

is

Pb0.75Sn0.25Se

but

in

the

N

samples,

the

nano

phase

is

Pb0.75Sn0.25Te0.75Se0.25. More Se substitution on the Te site will cause a larger chemical
potential difference with the Pb0.75Sn0.25Te. Consequently, the energetic barrier is higher.
This grain boundary scattering is only pronounced at the low temperature range because
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at a higher temperature the thermal energy of charge carriers is higher than the energetic
barrier. Then acoustic phonon scattering will dominate.

At the present stage, the characteristics of the chemical composition and topology of the
nanocomposites fabricated by the coating technique is ascribed to the enhancement of the
power factor value. The slightly different chemical potential level of the nano phase and
bulk matrix provides a favorable scattering mechanism; furthermore, the spatial
distribution of the nanolayers on the grains maximizes this beneficial effect on TE
property.

Due to the gain from the enhancement of the power factor and the reduction of the
thermal conductivity, the ZT of the nanocomposite is improved systematically with
increasing the concentration of nanolayers as shown in Fig 4.3.9. The ZT is enhanced
about 60% at 300K by using this nanocomposite approach.

Conclusion
We successfully fabricated the Pb0.75Sn0.25Te nanocomposites containing Pb0.75Sn0.25Se
nanolayers. From the comparison of the electrical properties between the bulk sample and
the nanocomposite samples, we speculate that these nanolayers introduce a preferred
scattering mechanism which benefits the power factor. Meanwhile, the lattice mismatch
of the nano phase and bulk phase desirably reduced the thermal conductivity. The
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topological characteristic of the nanolayer distribution in the nanocomposite is thought to
maximize these beneficial effects on the both electrical and thermal transport properties.

Currently, most thermoelectric materials are polycrystalline. A large amount of grain
boundaries in these polycrystalline samples provides us a new tuning knob to optimize
ZT. This gain boundary engineering idea can be extended to other material systems or
be combined with other techniques to engineer thermoelectric materials. The remaining
problem is how to obtain a thermal stable coating layer so that the ZT also can be
improved in the operational temperature range for Pb0.75Sn0.25Te (300K-600K). We are
going to discuss this in the next chapter.
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Table 4.3.1 Hotpress conditions and the sample information of Pb0.75Sn0.25Te bulk and
nanocomposites (C series)
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Fig 4.3.1 Total thermal conductivity of Pb0.75Sn0.25Te nanocomposites made by
the coating technique (C series)
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Fig 4.3.2 Lattice thermal conductivity of Pb0.75Sn0.25Te nanocomposites made
by the coating technique (C series)
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Fig 4.3.3 Electrical resistivity of Pb0.75Sn0.25Te nanocomposites
made by the coating technique (C series)
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Fig 4.3.4 Seebeck coefficient of Pb0.75Sn0.25Te nanocomposites made by the
coating technique (C series)
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Fig 4.3.5 Scaled resistivity of Pb0.75Sn0.25Te nanocomposites made by the coating
R(T ) − R(10 K )
technique (C series) R( scaled ) =
R(T) is the resistivity in
R(300 K ) − R(10 K )
terms of temperature. R(10K) is the sample resistivity at 10K. And R(300K) is the
sample resistivity at 300K.
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Fig 4.3.6 Seebeck coefficient of Pb0.75Sn0.25Te nanocomposites made by the
coating technique (C series)
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Fig 4.3.7 Hall mobility data of Pb0.75Sn0.25Te nanocomposites made by the coating
technique (C series)
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4.4 Nano-sized Granular Boundaries in Polycrystalline Pb0.75Sn0.25Te:
An Innovative Approach to Enhancing the Thermoelectric Figure of Merit

Introduction
Following the coating technique route, we sought to find a stable and thermoelectrically
favorable coating layer. In this chapter, we present a proof-of-principle approach that
could tackle both factors of effectively decoupling the electrical and phonon transport
properties and thus yield an added level of “tunabilty” in a bulk thermoelectric material
via controlling the micro-morphology of the inter-grain boundary. An alkali metal
hydrothermal treatment technique is utilized to grow Te nanorods on the surface of
starting "seed" particles. And the desired inter-grain surface was formed by hotpressing
these "seed" particles coated with Te nanorods. A similar approach has proved to be very
effective in Bi2Te3 system, although the underlying mechanism is different. [64] The
Pb0.75Sn0.25Te system has been selected as the subject of this experimental study in this
chapter for the following considerations. First, the PbTe-based system has a rock salt
crystal structure; therefore, the interpretation of data is free of concern about the texture
formation such as in the anisotropic Bi2Te3 material. [65] Second, PbTe-based materials
have been one of the most commonly used thermoelectric materials in the intermediate
temperature range 400–800K. Thus, PbTe-based materials are quite suitable for
converting waste heat into electricity. We find that the thermal conductivity of a
Pb0.75Sn0.25Te material can be lowered by this surface treatment while leaving the
electronic properties essentially unchanged. The appearance of Te nanodots has been
observed on the surface of the grains after the aforementioned treatment.
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The

micrographs mirror those of the PbTe quantum dots reported by Harman et.al. who used
an elaborate MBE technique to grow quantum dot PbTe nanostructures.[66]

Experiment
The bulk reference material Pb0.75Sn0.25Te has been synthesized by the solid-state
reaction of a stoichiometric amount of PbTe (99.999%, Alfa Aesar) and SnTe (99.999%,
Alfa Aesar) at 1173 K for 96 hours in an evacuated quartz tube. An intermediate grinding
was performed in order to promote homogeneity in the powder. After following this heat
treatment the samples were allowed to cool down naturally. Then the cast alloy was
pulverized and divided into several equal portions to act as bulk reference material. The
subsequent alkali metal hydrothermal treatment process was described in chapter 3.

The single-phase nature for all three samples has been confirmed at each step of
preparation by performing the X-ray powder diffraction (XRD) measurements. The
fracture surface of each hot-pressed sample was observed on a Hitachi S4800 FieldEmission Scanning Electronic Microscope with an Energy dispersive X-ray spectroscopy
(EDX) option inspecting the composition. The thermal diffusivity and specific heat were
measured from room temperature to 600 K on a Netzsch® LFA-457 Microflash system
and DSC-404C Pegasus system, respectively. [67] Then the high-temperature thermal
conductivity κ was calculated from the relationship κ = dDCV, where d is the sample
density, D the thermal diffusivity and CV the specific heat. The low-temperature κ was
measured from ~10 K to room temperature using a custom-designed steady-state
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technique. [68] We estimate the carrier thermal conductivity κe via the WiedemannFranz-Lorenz relation: κe = L0σT, where the Lorenz number L0 = 2.45 × 10-8 V2⋅K-2, σ is
the electrical conductivity and T is the temperature in Kelvin. The lattice thermal
conductivity κph is then deduced from the simple relation κ = κ e + κ ph . The Seebeck
coefficient and electrical resistivity data were collected on a custom-designed
measurement system from 10 K to 310 K, [69] and on a ULVAC-RIKO® ZEM-2 system
from 330 K to 575 K. It is worth pointing out that the results of the low and high
temperature measurements match very well in the overlap temperature region. Hall effect
measurements were performed on a Quantum Design® Physical Properties Measurement
System (PPMS) using a 5-probe configuration by sweeping the magnetic field between
±1 Tesla at each temperature, and the carrier concentration as well as mobility were
calculated from the Hall data by n = −1 RH e and µ = 1 neρ , respectively, where RH is
the Hall coefficient, e the electron charge, n the carrier concentration, ρ the electrical
resistivity, and µ the electron mobility.

Results and discussions
Fig 4.4.1, Fig 4.4.2, Fig 4.4.3 and Fig 4.4.4 present the temperature dependence of the
electrical resistivity, Seebeck coefficient, total thermal conductivity and lattice thermal
conductivity, respectively. The Na and K treatments only slightly increase the resistivity
and Seebeck coefficient, however in contrast they noticeably reduce the total and lattice
thermal conductivity. All three samples exhibit similar trends in their temperature
dependence of their respective physical properties. Furthermore, the small increase of
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resistivity and Seebeck coefficient can be understood in terms of the decreasing carrier
concentration after the Na and K treatments were performed. The carrier concentration
and Hall mobility are shown in Fig 4.4.5 and Fig 4.4.6. The signs of both the Seebeck
coefficient and the Hall coefficient signify that p-type conduction is dominant in all three
samples.

The results, as represented from Fig 4.4.1 to Fig 4.4.6, clearly indicate that the
hydrothermal treatment, particularly the Na-treatment, enables the electrical properties to
be successfully retained while the total and lattice thermal conductivity values are
effectively suppressed. This is occurring in a system of materials that exhibits fairly high
mobility and good thermoelectric properties. Such decoupling of thermoelectric
properties is typically very difficult to achieve in a polycrystalline system with a bare
inter-grain boundary [70]. After the Alkali hydrothermal treatment, higher ZT values
have been attained and this increase can be mainly attributed to the reduction of thermal
conductivity, especially the lattice thermal conductivity. This result is consistent with
many of the results on the low dimensional systems discussed previously, wherein the
figure of merit has been significantly improved due primarily to a reduction in the lattice
thermal conductivity. However herein, we have shown that a similar decoupling of the
electronic and thermal properties in a bulk thermoelectric material can occur. The
improvement is even more pronounced when demonstrated in the plot of Z vs.
temperature (Fig 4.4.7). The Z of bulk-ref, Na- and K-treated samples possess a broad
hump at around 500 K, 425 K and 460 K, respectively. In terms of overall magnitude, the
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maximum Z value has been increased from 0.7×10-3 K-1 for the bulk-reference material to
Z ≈ 0.78 x 10-3 K-1 for the K-treated sample and Z ≈1.1 x 10-3 K-1 for the Na-treated
sample, whereas the latter one features a ~ 57% increase in Fig 4.4.7. ZT, figure of merit,
is also shown in Fig 4.4.8.

The mechanism underlying the above-observations is associated with the Te nanodot
layers at the grain boundaries after the Alkali metal hydrothermal treatment and the
hotpress process. As shown in Fig 4.4.9, the fracture surface of the Na-treated sample is
covered by a large area of nano-sized Te granules, while the K-treated sample has some
featureless roughness while the bulk-reference sample exhibits a very smooth fracture
surface. The evidence about the chemical composition of the nano granules was
demonstrated in chapter 3.

Fig 4.4.10 demonstrates how the surface morphology changed from Te nanorods to Te
nanodot layers during the hydrothermal treatment and hotpress process. Fig 4.4.10 (a)
shows a representative picture of the grain surface of the bulk Pb0.75Sn0.25Te. We can see
that the surface is very smooth and uniform like the typical surface of molten PbTe
samples. There is also no second phase precipitates on the surface. However, after the Na
treatment, a drastic change happened on the surface. There are a lot of nanorods stacking
on the grain surface. The Na-treated sample is hotpressed at the different temperatures
(240°C, 360°C, 420°C and 480°C) for one hour. By analyzing the representative SEM
pictures of the samples hotpressed at different hotpress temperatures, a trace of the
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morphology evolution from nanorods to nanodot layers is identified. After hotpressing at
240°C, the Te nanorods retain almost the original shape and size. However on the edge of
the nanorods, there is a weak sign that these nanorods started to melt a little bit. When the
hotpressing temperature climbed to 360°C, these nanorods are in a semi-molten state.
Each individual nanorod is barely distinguishable from their partial molten edges.
Furthermore, while the hotpressing temperature reached 420°C, the nanorods
disappeared. Instead of the nanorods, nano granules are formed. The size of these nano
granules are about 50nm. These SEM pictures are not taken in the in-situ situation but at
the room temperature after hotpressing. Therefore, all of the pictures actually reflect also
the cooling process (re-crystallizing) after heating (melting process). And both of the
heating and cooling processes are under the pressure (180Mpa).

The plausible scenario of forming nano granules could be as follows. The Te nanorods
melt at 420°C which is much less than the melting temperature of the Pb0.75Sn0.25Te
(900°C). Therefore, the Pb0.75Sn0.25Te large granules are still solid, working as a substrate
for molten Te. The molten Te is actually squeezed between grains by the pressure,
forming a thin Te film. During the cooling, the Te thin film contracted and broke into Te
nano granules under the pressure which is essential to the formation of Te nano granules.
Because the liquefied Te was "squeezed" between grains by the pressure, there was no
room for Te diffusing to form larger particles which was apparently more energetically
favorable than nanoparticles when there is no pressure. A similar technique used to
fabricate nanoparticles on the substrate has been reported elsewhere.[71] When the
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hotpressing temperature is 480°C, which is close to the hotpressing temperature limit at
the 180Mpa pressure for the samples, smaller Te nano granules (5nm to 20nm) formed on
the grain. The higher hotpressing temperature is the reason of forming smaller nano
granules because the Te film is completed melt at 480°C. (Melting point of Te 450 °C) In
contrast, the sample containing larger nano granules is hotpressed at 420°C which is
below the melting temperature of Te. A closer view of the Te nano granules in Fig 4.4.9
reveals the fractal-like morphology (similar with the formation of dendrites) which is a
proof of the re-crystallizing process from completely melting state during cooling. Due to
the boson nature of phonons, we think that multiple phonon scattering mechanisms,
which can scatter phonons of a broad range of wavelength, can more effectively reduce
lattice thermal conductivity than one scattering mechanism, which only scatter phonons
of a narrow range of wavelength. Using a simplified picture to explain, if there is the
scattering center which can intensively scatter short-wavelength phonons, when the shortwavelength phonons are scattered, they can readily rally together and form longer
wavelength phonons passing these scattering centers. Single phonon scattering
mechanism delays heat transport, leading to a lower thermal conductivity but not as
effective as using multi-scattering mechanisms which cover a large portion of the phonon
spectrum. Herein, our nanocomposites made by the Na-treated samples have three
significant phonon scattering mechanisms which cover a very broad range of phonon
wavelength. They are: (1) the mass fluctuation effect caused by alloying PbTe and SnTe.
The mass fluctuation effect can scatter phonons whose wavelength is at the lattice
constant level (several Å to several nm); (2) Te nanodot layers which can scatter phonons
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of wavelength from (several nm to several tens nm); (3) Grain boundary scattering which
can cover longer wavelength phonons than the previous two mechanisms. The coherent
combination of the aforementioned three scattering mechanisms are thought to be the
reason why the lattice thermal conductivity of the Na-treated nanocomposites is
extremely low (0.38 Wm-1K-1) at 400K. In contrast, the lowest lattice thermal
conductivity of the superlattice PbTe/PbTeSe is 0.33 Wm-1K-1. The superlattice needs an
expensive and complicated fabrication process. A lattice thermal conductivity less than
0.4Wm-1K-1 is close to the limit of amorphous materials. The lattice thermal conductivity
of all the samples keeps a flat trend from the 300K to 500K. When temperature is higher
than 500K, the total thermal conductivity has a slightly increasing tail which can be
explained as the bipolar effect because at the same temperature a hump of Seebeck
efficient is also observed.

From the previous discussion about the morphology evolution of the Te nanostructures
on the grains, we know that a different hotpressing temperature corresponds to a different
morphology of Te nanostructures. The comparison of the thermal and electrical transport
properties of Na-treated Pb0.75Sn0.25Te samples hotpressed at different temperatures
(360°C, 420°Cand 480°C) and the bulk sample will help us analyze the role of Te
nanostructures in the enhancement of ZT value because the only difference among the
four samples is the just the morphology of Te nanostructures at the grains. For the bulk
sample, there are no any Te nanostructures at the grain boundary. There are semi-molten
Te nanorods, Te nano granules (~50 nm), Te nano granules (5-20 nm) on the grain
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boundaries of the other three Na-treated samples of different hotpressing temperature
respectively. The density of the four samples is almost identical (1% difference). The
thermal conductivity of the four samples is shown in Fig 4.4.11 (total thermal
conductivity) and Fig 4.4.12 (lattice thermal conductivity). Usually, a higher hotpressing
temperature will promote the intergrowth of the grains, leading to a better connectivity
among grains. However, a strange behavior here is that both the total thermal
conductivity and lattice thermal conductivity of the Na-treated samples decrease with
increasing the hotpressing temperature. Meanwhile, the electrical properties of the Natreated samples are just slightly different as shown in Fig 4.4.13 and Fig 4.4.14. The
slightly different electrical conductivity excluded the possibility that the reduction of
thermal conductivity is caused by the cracks in the sample pellets. Sometimes due to the
thermal strain built up in the pellet during the hotpressing process, some cracks may be
produced during cooling. However, typically electrical conductivity is more sensitive to
the cracks than thermal conductivity. If there are cracks in the samples, the electrical
conductivity will drop down more than the thermal conductivity. Thus, these points
provoked us to believe that the drastic reduction of thermal conductivity is a result of the
morphology change of the Te nanorods at the grain boundaries.

The Te nanostructures on the grain boundaries also affect the electrical properties. The
resistivity data of the Na-treated samples and the bulk sample are shown in Fig 4.4.13.
The bulk material obviously has a lower electrical resistivity than all the Na-treated
samples. In addition, there is also a trend that a higher hotpressing temperature leads to a
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slightly lower resistivity from 350K to 570K for the three Na-treated samples because a
higher hotpressing temperature can promote the inner-growth of grains and thus reduce
the electrical resistance of the interface. This trend ends at 570K by the faster increasing
resistivity of the Na-treated sample hotpressed at 480°C. At the same temperature, as
shown in Fig 4.4.14 the Seebeck coefficient of all the samples also reaches the peak value
and starts to drop down, indicating the activation of the minority carriers. The Seebeck
coefficient of the bulk sample is lower than all of the Na-treated samples. These
resistivity and Seebeck coefficient behaviors can be explained by the carrier
concentration data in Fig 4.4.15. Na-treated samples have a lower carrier concentration
than the bulk sample. According the Drude model, a lower carrier concentration will lead
to a higher resistivity and Seebeck coefficient in the material. However, there is no clear
link found between the hotpressing temperature and the Seebeck coefficient, resistivity or
carrier concentration in Na-treated samples. However, both of the resistivity and Seebeck
coefficient temperature dependence relations are very similar. This similar behavior
implies that the basic electronic structures of all the samples are the same. The difference
of the electrical properties is only due to the variance of the carrier concentration and
interface scattering introduced by the Te nanostructures. The carrier concentration data in
Fig 4.4.15 show that the carrier concentration drops down about 35% at room
temperature. There are two possible reasons responsible for the reduction of the carrier
concentration. (1) The hydrothermal treatment introduces n-type impurities which
neutralize a portion of positive carriers in the matrix. One of the members in the recipe,
Na(BH4), has the reducing ability to donate electrons to neutralize positive charges. The
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other members in the recipe also possibly introduce n type impurities. This is unknown.
In addition, we found that the chemical composition of the matrix surface changed from
Pb0.75Sn0.25Te to Pb0.80Sn0.20Te. The chemically changed surface is about several hundred
nm thick. It is known that the reduction of Sn ratio in the Pb1-xSnxTe system leads to a
decrease of carrier concentration. However, this composition change only happened in a
very small portion of the sample (less than 5% volume ratio) because no Pb0.80Sn0.20Te
signal was detected in our XRD system which has a resolution about 5% volume ratio.
However, this surface composition change could still be a partial reason for the decreased
carrier concentration. Based on the composition change on the surface of the matrix, we
also can ascertain that the Na-treatment not only just produces the Te nanorods but also
possibly changes the property of the matrix surface to some extent. (2) The second
possible reason is that the Te nanostructures on the grain boundary provide energetic
barriers which trap some carriers. Thus, the measured carrier concentration is decreased.
However, if so, we should see that the carrier concentration increases with the increase of
the temperature because a higher temperature will provide more thermal activation
energy to carriers. Consequently, more carriers overcome the barrier and contribute to the
electrical conductivity. Nonetheless, the carrier concentration temperature dependence of
the Na-treated samples is contrary to this hypothesis. Based on the analysis above, we
believe the first speculation is more credible. As for the three Na-treated samples, the
carrier concentration discrepancy among them is about 5% which is within the
experimental uncertainty of the Hall measurement.
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Fig 4.4.16 shows the mobility data of the four samples. At room temperature, the
mobility data of all the samples almost converge to one point. However, with decreasing
the temperature, the Na-treated samples have a higher mobility than the bulk reference. It
is hard to believe that the Na-treatment is responsible for the increase of carrier mobility
because any additional scattering mechanism will decrease the mobility. The only
possible reason is that our measurement and analysis are only dealing with one type
carrier situation, either electrons or holes. If n-type carriers are increased via the Natreatment, when measuring the carrier concentration, the increased n-type carriers will
diminish the counted p-type carriers by neutralizing some p-type carriers. Thus, the
measured carrier concentration is lower than the true one. The n-type carriers still
contribute to the electrical conductivity. When using the formula to calculate the
mobility,

µ=

σ
en

(Where µ is the carrier mobility, σ is the electrical conductivity and n is the carrier
concentration), if the carrier concentration is underestimated, the calculated mobility µ
will be overestimated. This explanation for the increased mobility of Na-treated samples
is consistent with our account for the reduced carrier concentration of Na-treated
samples.

The power factor of the samples is shown in Fig 4.4.17. The power factor of Na-treated
samples does not surpass the bulk material due to the loss of electrical conductivity more
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than the gain from the increase of Seebeck coefficient. However, the decrease of the
power factor is not significant for the Na-treated samples. Thus, we have the opportunity
to enhance ZT by the reduction of the thermal conductivity. As shown in Fig 4.4.18, due
to the significant reduction of thermal conductivity, the ZT value of Na-treated sample
hotpressed at 480°C obviously is enhanced over a large temperature range from 300K to
570K. The peak value of the Na-treated sample is enhanced about 40% as compared to
the bulk reference sample. According to the phase diagram, Te is phase-separated in the
Pb0.75Sn0.25Te matrix from room temperature to 900K. Thus, chemically the Te nanodot
layer is very stable. And an annealing process of the Na-treated sample hotpressed at
480°C reveals that Te nanodots are also stable during this process. There is no any
evidence that these Te nanostructures will grow larger after 480 °C heat treatment. We
also repeated fabricating and measuring the Na-treated sample three times, the enhanced
figure of merit is repeatable.

Fig 4.4.19 is the compatibility factor for all of the samples. The bulk sample exhibits the
most friendly compatibility factor among all of the samples.

Conclusion
In summary, the presence of a nano-sized granular surface achieved by a Na
hydrothermal treatment and hotpressing in the Pb0.75Sn0.25Te system resulted in an
improvement in the maximum figure of merit ZT by ~ 40% and Z by ~ 57%. The Na
hydrothermal treatment fabricated a Te nano-sized granular inter-grain surface, which
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effectively allows the thermal conductivity to be appreciably lowered in this
Pb0.75Sn0.25Te polycrystalline system and consequently the thermoelectric figure of merit
is considerably improved. The presence of this Te nano-sized granular surface and its
effects on thermal conductivity and electrical transport has given us an innovative new
approach to achieving higher ZT values in given TE materials.

We have attempted this hydrothermal treatment in the Pb0.5Sn0.5Te system, which is a
better thermoelectric material than the composition reported here at higher temperature
range (600K-700K). However, the lattice thermal conductivity of Na-treated Pb0.5Sn0.5Te
samples is not reduced significantly. The reason is that the lattice thermal conductivity of
the Pb0.5Sn0.5Te sample is already very low due to the mass fluctuation effect and more
intensive phonon-phonon interaction at higher temperature. Lattice thermal conductivity
data for the Pb0.5Sn0.5Te made by different consolidating methods (SPS and hotpressing)
show that most of the samples have a lattice thermal conductivity between 0.4 Wm-1k-1
and 0.5 Wm-1k-1. For such a low lattice thermal conductivity, it is difficult to further
reduce it by the same Na-treatment method.

171

Fig 4.4.1 Resistivity data of the bulk, Na- and K-treated samples
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Fig 4.4.2 Seebeck coefficient data of the bulk, Na-and K-treated
samples
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Fig 4.4.3 Thermal conductivity of the bulk, Na- and K-treated samples
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Fig 4.4.4 Lattice thermal conductivity of the bulk, Na- and K-treated samples
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Fig 4.4.5 Carrier concentration of the bulk, Na- and K- treated samples
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Fig 4.4.6 Carrier mobility of the bulk, Na- and K-treated samples
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Fig 4.4.7 Z values of the bulk, Na- and K-treated samples

178

Fig 4.4.8 ZT values of the bulk, Na- and K-treated samples
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Fig 4.4.9 SEM pictures of Na-treated (a), K-treated (b) and untreated
(c) Pb0.75Sn0.25Te samples after hotpressing at the 480°C revealing the
different surface morphology
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Fig 4.4.10 (a) Bulk-Ref. (No hydrothermal treatment, after 480°C hot pressing
for one hour) (b) Na-treated sample without hotpressing (c) Na-treated sample
after 240°C hot pressing for one hour (d) Na-treated sample after 360°C hot
pressing for one hour (e) Na-treated sample after 420°C hot pressing for one
hour (f) Na-treated sample after 480oC hot pressing for one hour
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Fig 4.4.11 Thermal conductivity of the bulk Pb0.75Sn0.25Te and Na-treated
Pb0.75Sn0.25Te samples hotpressed at 480°C, 420°C and 360°C respectively
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Fig 4.4.12 Lattice thermal conductivity of the bulk Pb0.75Sn0.25Te and Na-treated
Pb0.75Sn0.25Te samples hotpressed at 480°C, 420°C and 360°C respectively
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Fig 4.4.13 Electrical resistivity of the bulk Pb0.75Sn0.25Te and Na-treated Pb0.75Sn0.25Te
samples hotpressed at 480°C, 420°C and 360°C respectively
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Fig 4.4.14 Seebeck coefficient of the bulk Pb0.75Sn0.25Te and Na-treated Pb0.75Sn0.25Te
samples hotpressed at 480°C, 420°C and 360°C respectively
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Fig 4.4.15 Carrier concentration of the bulk Pb0.75Sn0.25Te and Na-treated
Pb0.75Sn0.25Te samples hotpressed at 480°C, 420°C and 360°C respectively
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Fig 4.4.16 Hall mobility of the bulk Pb0.75Sn0.25Te and Na-treated Pb0.75Sn0.25Te
samples hotpressed at 480°C, 420°C and 360°C respectively
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Fig 4.4.17 Power factor of the bulk Pb0.75Sn0.25Te and Na-treated Pb0.75Sn0.25Te
samples hotpressed at 480°C, 420°C and 360°C respectively
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Fig 4.4.18 ZT of the bulk Pb0.75Sn0.25Te and Na-treated Pb0.75Sn0.25Te samples
hotpressed at 480°C, 420°C and 360°C respectively

189

Fig 4.4.19 Compatibility factor of the bulk Pb0.75Sn0.25Te and Na-treated
Pb0.75Sn0.25Te samples hotpressed at 480°C, 420°C and 360°C respectively
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CHAPTER FIVE
Conclusion and future work

The electronic and thermal transport properties of PbTe nanocomposites fabricated by
different technique routes have been investigated for their potential of surpassing the
traditional bulk PbTe material. First, the PbTe polycrystalline samples made by different
size granules were studied. The problems arising from this project are that (1) Pure PbTe
was not suitable for making nanocomposites. The carrier concentration was subject to
impurities. Because it was very difficult to control the impurities in the CVD system, the
carrier concentration changed from sample to sample. ZT was a function of carrier
concentration; therefore, the samples were not comparable to each other to a great extent.
(2) In the PbTe system, the mobility decreases much faster than the decrease of the lattice
thermal conductivity due to the influence of grains. (3) The grain boundary scattering did
not reduce the lattice thermal conductivity effectively at room temperature. It was
impossible to enhance ZT by further reducing the particle size because the mobility was
harmfully affected at the 200nm size range. To solve these problems, we synthesized the
Pb0.75Sn0.25Te nanocomposites containing Pb0.75Sn0.25Te0.75Se0.25 nanoparticles. These
nanocomposites were fabricated by mechanically incorporating Pb0.75Sn0.25Te0.75Se0.25
nanoparticles (200nm) into a Pb0.75Sn0.25Te bulk matrix. Our technical route was to utilize
nanostructures that have a similar electrical property but different lattice constants of the
bulk matrix to selectively scatter charge carriers and phonons. This technical route
proved to be effective for the enhancement of ZT by our experiments. However, we still
need to address two issues of this approach: (1) mechanically mixing the nanoparticles
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with the matrix granules made it impossible to ensure the homogenous dispersion of
nanoparticles in the matrix. These nanoparticles tended to conglomerate together and stay
in the voids formed by the matrix granules. The electrical flow and the heat flow very
easily bypassed these nanoparticles aggregations. Thus, the isolated nanoparticle
aggregations in the matrix affected the TE properties less effectively than the sample in
which nanoparticles were distributed homogenously in the matrix. (2) The Se diffusion
issue prevents the usage of the nanocomposite at a higher temperature range.

Based on the two previous results, we realized that the thermoelectric properties of these
nanocomposites are strongly dependent on the chemical composition and topological
distribution of the nano phase in the bulk matrix material. One of the ways to tackle these
two problems in the thermoelectric nanocomposite field, we believe, is grain-boundaryengineering. Currently, most thermoelectric materials are polycrystalline. A large amount
of grain boundaries in these polycrystalline samples provides us a new "tuning knob" to
optimize

ZT.

Essentially,

we

can

chemically

and

physically

fabricate

the

thermoelectrically favorable nanostructures on the grain boundaries. Thus, the electrical
and thermal flows have to go across or go along these nanostructures. Consequently, the
beneficial effect of the nanostructures on the thermoelectrical transport properties can be
stronger and the results are more repeatable as compared to the nanocomposites made by
mechanically mixing nanoparticles with the bulk matrix. Our experimental results
demonstrates that the grain-boundary-engineering is an effective way to favorably
disperse nanostructures in the bulk matrix material. In the Pb0.75Sn0.25Te nanocomposites

192

containing Pb0.75Sn0.25Se coating nanolayers, the ZT value is successfully improved about
60% at room temperature. And for the Pb0.75Sn0.25Te nanocomposites containing a Te
nanodot layer at the grain boundary, the maximum ZT value is enhanced by ~ 40% at the
400K. The enhancement of ZT is mainly contributed from selective scattering
mechanisms, which largely reduce the lattice thermal conductivity and favorably preserve
the electrical properties, but not from the improvement of the electrical properties due to
the quantum effects as suggested by the theory. This statement is consistent with the
conclusion of other nanocomposite efforts which reported improved ZT values for
nanostructured thermoelectric materials [16] [31]. In the future, this grain-boundaryengineering idea can be extended to other material systems or be combined with other
mechanisms, such as the rattling effects, the mass fluctuation effect, and doping
techniques, to engineer thermoelectric materials. In addition, the grain boundary
engineering is also promising to improve many other properties related to the
thermoelectric application such as hardness, ductility and chemical stability. In the real
world application, these properties could be as important as the thermoelectric properties.

From the synthesis perspective, three innovative synthesis techniques, which are related
to fabricating nanocomposites, were developed. These techniques are the foundation of
applying the grain-boundary-engineering in the PbTe nanocomposites. The CVD
technique could fabricate a large amount of size-selective nano or micron single crystal
particles which were used the "seed" particles. The hydrothermal technique provides us a
way to fabricate the nano features on the surface of the "seed" particles. In the future,
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more innovative synthesis techniques will give us new opportunities to advance our
research in the thermoelectric nanocomposite study.
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